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Summary

A 23°-swept, 13-percent-thick, 7.07-ft-chord,
supercritical, laminar-flow-control (LFC) airfoil has
been designed and constructed and is currently
undergoing tests in the Langley 8-Foot Transonic
Pressure Tunnel. Design conditions included a free-
stream Mach number of 0.82, a section lift coefli-
cient of 0.47, and a Reynolds number of 20 x 108,
based on free-stream conditions and model chord.
This ambitious and very complex experiment was di-
rected toward evaluating the compatibility of LFC
and supercritical airfoils, validating prediction tech-
niques, and generating a data base for future trans-
port airfoil design. Unique features of the laminar-
flow-control airfoil included a high design Mach num-
ber with shock-free flow and boundary-layer control
by suction. Special requirements for the experiment
included modifications to the wind tunnel to achieve
the necessary flow quality and contouring of the test
section walls to simulate free airflow about an infinite
yawed model at transonic speeds. The first phase of
the experiment—the evaluation of a slotted suction
surface—has been completed. The second phase—
the evaluation of a perforated suction surface—is cur-
rently under way. The design of the slotted airfoil,
the suction system, and modifications to the tunnel
to meet test requirements are discussed.

Introduction

A reduction in drag and, hence, an increase in ve-
hicle performance have always been primary goals of
aerodynamicists. One of the primary sources of aero-
dynamic drag is the skin friction associated with tur-
bulent boundary layers, and large decreases in drag
can be realized if the boundary layer can be pre-
vented from going turbulent. Both passive and ac-
tive means of maintaining laminar flow by boundary-
layer control have been investigated. Passive or
natural-laminar-flow (NLF) systems are controlled
through the choice of geometry and pressure gradi-
énts, whereas active or laminar-flow-control (LFC)
systems depend on both geometry and mass transfer
through the surface to stabilize the laminar boundary
layer.

Past research efforts have included the develop-
ment and testing of airfoils and wings designed for
both natural and suction-augmented laminar flow.
In general, investigations involving the application
of suction through the surface to maintain laminar
flow have provided large reductions in both friction
and profile drag. A collection of theoretical and ex-
perimental papers dealing with boundary-layer con-
trol is presented in reference 1. A detailed discussion
and a summary review of a large number of LFC

investigations, including wind-tunnel and flight re-
sults, are presented in reference 2.

The feasibility of achieving full-chord laminar flow
with active boundary-layer control on swept, con-
ventional wings has been demonstrated and is dis-
cussed in reference 2. Low-speed suction experiments
were conducted during the late 1950’s on a symmet-
rical, 7.00-ft-chord, 30°-swept, 12-percent-thick wing
of a modified NACA 66-012 airfoil section in the
Michigan 5- by 7-Foot, Norair 7- by 10-Foot, and
NASA Ames 12-Foot Pressure Wind Tunnels. Con-
tinuous suction was approached by means of closely
spaced suction slots. Full-chord laminar boundary
layers were maintained up to a chord Reynolds num-
ber of 29 x 10% in the Ames tunnel, and up to
14 x 108 in the Michigan and Norair tunnels. Differ-
ences in the extent of laminar flow achieved in the dif-
ferent tunnels were attributed to stream turbulence
levels (ref. 2).

A reasonably efficient LFC suction system, using
closely spaced suction slots, was developed and flight
tested on an F-94 LFC wing glove (ref. 3) and on
an X-21 wing (ref. 4) during the 1950’s and 1960’s.
Neither the 10°-swept F-94 glove nor the 33°-swept
X-21 wing were designed as supercritical sections but
were flight tested at high subsonic speeds. Aside
from some sensitivity to insect contamination and
ice crystals, these flight tests demonstrated that large
regions of laminar flow could be consistently achieved
in flight on wings with suction.

Interest in laminar-flow control waned during the
1960’s because of practical concerns about the op-
erational feasibility of aircraft incorporating LFC.
Among these concerns were the inability of manufac-
turing technology to build wings sufficiently smooth
and wave free, the loss of laminar flow associated
with surface contamination, and the deterioration of
wing surface quality in normal service operations.

Rising oil prices in the 1970’s and the associated
need for improved fuel economy stimulated a renewed
interest in laminar-flow control. Although oil prices
have stabilized and even dropped in the decade since
the dramatic increase of the 1970’s, fuel prices remain
high enough to make LFC attractive. The likelihood
of future oil price increases, the threat of oil import
fees, and a possible scarcity of oil help to sustain a
strong impetus for a continued effort toward drag
reduction. The steadily increasing market for ex-
tremely long range commercial and military aircraft
also provides an impetus to the effort since laminar
flow adds substantially to the range capability of an
aircraft.

Renewed interest in LFC also stemmed from the
fact that none of the emerging technologies identi-
fied by NASA’s aircraft energy efficiency (ACEE)



programs had more potential for producing efficient,
economically superior aircraft than laminar-flow con-
trol (ref. 5). Potential fuel savings could range from
20 to 40 percent depending on the extent of applica-
tion and the design range of the aircraft.

This economic impetus coincided with emerging
improvements in materials, fabrication methods, the-
oretical design and analysis techniques for both aero-
dynamics and structures, and advanced airfoil tech-
nology. More sophisticated boundary-layer codes for
stability analysis and the determination of suction
requirements reduced the task of solving LFC design
problems and made the application of laminar-flow
control a more realistic objective.

Because of the potential benefits, the National
Aeronautics and Space Administration (NASA)
decided in the mid-1970’s to take advantage of these
improving technologies and incorporate them with
supercritical airfoil technology. Research began to
determine if laminar flow—aided by boundary-layer

- removal through slotted or perforated surfaces—
could be maintained through a large supersonic bub-
ble on the upper surface of a high-performance,
13-percent-thick, 23°-swept supercritical wing.

An early overview of the resulting laminar-flow-
control experiment was presented in reference 6. In-
stallation of the model and associated tunnel mod-
ifications in the Langley 8-Foot Transonic Pressure
Tunnel (8-ft TPT) began in May 1981. The first
phase of the experiment—the evaluation of a slotted
suction surface (refs. 7 and 8)—has been completed
and the second phase—the evaluation of a perforated
suction surface—is currently under way.

This report expands the information presented in
reference 6 to include design changes subsequently
incorporated into the experiment. It describes the
slotted, LFC, supercritical-wing model (phase 1 of
the LFC experiment) and includes advanced design
and analysis techniques, materials, design goals, and
fabrication processes employed to achieve these goals.
The test environment for proper LFC evaluation and
modifications to the 8-ft TPT undertaken to meet
these requirements are discussed also.

Symbols

a disturbance amplitude

ao initial disturbance
amplitude

B growth factor, S0Ry

Cp pressure coefficient, &L

Cy,sonic pressure coefficient cor-

responding to local Mach
number of 1.0

€l

C,N

-~

3

Ry

Ry

. . www
coefficient of suction, /%Uo_o

mode] chord parallel to free-
stream direction, 7.07 ft

section lift coefficient

section lift coefficient
normal to leading edge

diameter
frequency

Gortler parameter,
Ry(0/r)/?

plenum height, nozzle
height, or surface wave
height

Mach number

exponent in expression for
disturbance growth

pressure, psf

dynamic pressure, psf

Reynolds number

Reynolds number based on
free-stream conditions and
model chord

Reynolds number based on
flow conditions and chord
normal to leading edge

unit Reynolds number based
on length of 1 ft

crossflow Reynolds number
based on maximum cross-
flow velocity and boundary-
layer height at which cross-
flow velocity is one-tenth of
its maximum value

Reynolds number based on
slot width

local Reynolds number
based on coordinate z

Reynolds number based on
momentum thickness

attachment-line Reynolds
number based on velocity
of flow along attachment
line and boundary-layer
momentum thickness
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Subscripts:

radius of surface curvature
slot width

temperature, °F

thickness

free-stream velocity

velocity components
in z- and z-directions,
respectively

distance along model chord
from leading edge (positive
toward trailing edge)

distance along model span
from centerline of test
section (positive toward top
of test section)

distance perpendicular

to model chord plane
(positive toward model
upper surface), or sucked
height of boundary layer
(incremental portion of local
boundary layer removed by
suction)

disturbance growth rate
ratio of specific heats
incremental amount
flap angle, deg
momentum thickness

leading-edge sweep angle,
deg

wavelength
density

local shear stress

drag divergence
boundary-layer edge value
lower surface

maximum

normal to leading edge
total conditions

upper surface

w

o0

Superscripts:

!

Abbreviations:

ARC
BL
CF
CFM
ESP
LaRC
LE
LFC
TE
T-G
T-S
TPT
2-D, 3-D

Tunnel designations:

ARC 12-ft PWT

LaRC 8-ft TPT

LaRC LTPT

LaRC TDT

Michigan 5 x 7

Norair 7 x 10

Zurich 7 x 10

wall (airfoil surface)

free stream

root-mean-square value

mean value

Ames Research Center
boundary layer

crossflow

cubic feet per minute
electroscanning pressure
Langley Research Center
leading edge
laminar-flow control
trailing edge
Taylor-Gortler
Tollmien-Schlichting
Transonic Pressure Tunnel

two- and three-dimensional

Ames 12-Foot Pressure
Wind Tunnel

Langley 8-Foot Transonic
Pressure Tunnel

Langley Low-Turbulence
Pressure Tunnel

Langley Transonic Dynam-
ics Tunnel

University of Michigan 5- by
7-Foot Wind Tunnel

Northrop Corporation 7-
by 10-Foot Subsonic Wind
Tunnel

Institute for Aerodynamics
7- by 10-Foot Wind Tunnel
at the Federal Institute

of Technology, Zurich,
Switzerland



General Background

During the mid-1970’s, the NASA Langley
Research Center defined an experiment employing
advanced theoretical tools, materials, and manufac-
turing processes to extend laminar-flow control to
supercritical airfoils. The overall objective of the ex-
periment was to provide basic information concern-
ing the design and compatibility of swept,
supercritical airfoils with active boundary-layer con-
trol at conditions typical of high-performance
transport aircraft.

The experiment, including both hardware and
test procedures, was ambitious and very complex.
The large-chord airfoil model posed a particularly
difficult design problem in simulating unbounded free
airflow around the model (i.e., free of blockage and
wall interference), and thus extensive analyses and
modifications were required to contour the walls of
the tunnel test section. The integration of laminar-
. flow control with swept supercritical-wing technology
also required advanced fabrication techniques to con-
struct a suitable model. The effect of wind-tunnel
flow quality had to be properly assessed and the tun-
nel test environment modified to satisfy the resultant
requirements.

Several surface suction concepts with viscous drag
reduction potential were to be investigated. These
included the following: (1) upper- and lower-surface
suction through discrete slots, (2) upper-surface suc-
tion through a perforated skin and lower-surface suc-
tion through discrete slots, (3) upper-surface suction
through a perforated skin and a solid, nonsuction
lower surface, and (4) various hybrid configurations
combining boundary-layer control over the forward
region by suction and over the rear region by nonsuc-
tion geometric shaping. This report discusses only
the first phase, that is, suction through discrete slots
on both upper and lower surfaces. Reference 9 de-
scribes the perforated upper-surface panels used in
the second phase of the experiment.

List of Figures
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General Design and Experimental
Considerations

As a result of the complexity of the LFC exper-
iment, considerable discussion focused on choosing
the proper design parameters. Choices were partic-
ularly difficult during early planning because of the
uncertainty as to whether the experiment would be
conducted in the Langley 8-Foot Transonic Pressure
Tunnel (8-ft TPT) or in the larger Ames 12-Foot
Pressure Wind Tunnel (12-ft PWT). The Langley
facility was eventually chosen and, following prelim-
inary studies and evaluations, the design parameters
shown in figure 1 were selected. These studies and
evaluations are beyond the intended scope of this re-
port, but general design and experimental consider-
ations are noted.

Among the many design and experimental fac-
tors affecting transition on airfoils in a wind tun-
nel are the size of the model, sweep, Reynolds
number, surface waviness and roughness, pressure
gradients, shock impingement, wind-tunnel distur-
bance levels, and wind-tunnel blockage and wall in-
terference. Close tolerances must be maintained dur-
ing fabrication of the model, and airfoil pressure
gradients (including pressure discontinuities through
shock regions) must be controlled by careful tailor-
ing of the airfoil geometry. Simplification of suction
requirements through a highly tailored pressure dis-
tribution is also of major importance. In order to
minimize the effect of background disturbances on
transition, tunnel disturbance levels should be low
(¢! /U < 0.1 percent).

Maintaining laminar flow on airfoil models in
wind tunnels is often a more difficult aerodynamic
problem than on full-scale wing surfaces. For in-
stance, the achievement of moderately high chord
Reynolds numbers on a practical-sized model re-
quires testing at high unit Reynolds numbers in
most tunnels. Since the characteristic disturbance
levels in wind tunnels increase with increasing unit
Reynolds number and Mach number, tunnel back-
ground disturbance levels become critical for high



chord Reynolds number testing. Wind-tunnel test-
ing at high unit Reynolds numbers also adversely af-
fects suction system design and surface smoothness
criteria, and physical dimensions are frequently so
small that practical fabrication tolerances for certain
model features become difficult to achieve. There-
fore, a large (7.07-ft) chord was chosen for the LFC
experiment in the 8-ft TPT so that the experiment
could be conducted at a lower unit Reynolds number
with corresponding low background disturbance lev-
els. A large chord was also dictated by constraints
on slot-duct construction, surface tolerances, and the
necessity to minimize fabrication scale effects.

Early airfoil design configurations (refs. 10
through 12, for example) had a chord of 7.00 ft. The
chord was extended by 1.0 percent for the final con-
figuration to alleviate the adverse pressure gradient
in the trailing-edge pressure recovery region and re-
duce the possibility of boundary-layer separation on
the model and tunnel walls (ref. 13).

Since future transport aircraft with LFC are en-
visioned to have moderately swept (~20° to 30°)
wings, laminar boundary-layer crossflow stability was
investigated at simulated-flight crossflow Reynolds
numbers on a model designed with 23° of sweep.
The choice of leading-edge sweep was more or less
a balanced compromise between opposing consider-
ations. Reducing the sweep is beneficial since it re-
duces suction requirements and allows placement of
the first slot farther downstream where there is less
susceptibility to erosion and other incidental damage.
Increasing the sweep allows greater wing thickness,
reduced weight, and higher drag-divergence Mach
number.

The combination of design Mach number, thick-
ness ratio, lift coefficient, sweep, and Reynolds num-
ber was selected based on the simulation of cruise
conditions envisioned for future transport aircraft.
Figure 2 shows the selected design conditions for the
swept LFC airfoil compared with design conditions
for future LFC aircraft. The expected range of the
test Reynolds number R, from 8 to 40 x 108 at
A = 23°, ¢; = 0.47, and My, = 0.82 is typical of the
envisioned flight cruise conditions for such aircraft.

The chord chosen for the experiment, 7.07 ft,
resulted in a total tunnel height-to-chord ratio of
about 1. To avoid blockage problems and to mini-
mize wall interference over such a large-chord swept
wing, a test section liner was designed to match the
contours of the surrounding unbounded streamlines
(fig. 3). In addition, it was necessary to improve
flow quality and minimize upstream noise propaga-
tion in the tunnel by adding turbulence suppression
devices in the settling chamber and a sonic throat
at the diffuser entrance to prevent facility-generated

6

vorticity and acoustic disturbances (refs. 14 and
15) from having a destabilizing effect on the model
boundary layer.

Test Setup in the 8-Ft TPT

Schematics of the overall LFC experimental setup
in the 8-ft TPT are shown in figure 4 along with fa-
cility modifications. Major components consisted of
a large-chord, swept, supercritical, LFC airfoil model
that spanned the full test section height, a contoured
test section liner, facility disturbance suppression de-
vices, and a model suction system. Photographs of
the installed liner and model are shown in figure 5.

The following sections provide brief descriptions
of the major components of the experiment.

Wind Tunnel

The Langley 8-Foot Transonic Pressure Tunnel
(8-ft TPT) is a continuous-flow, variable-pressure
wind tunnel with controls that permit independent
variations of Mach number, stagnation pressure and
temperature, and humidity. The standard test sec-
tion is square with filleted corners and a cross-
sectional area approximately equivalent to an 8-ft-
diameter circle. The floor and ceiling of the test
section are axially slotted to permit a continuous
variation of the test section Mach number from 0.20
to 1.30.

Tunnel stagnation pressure can be varied from a
minimum of about 0.25 atm at all test Mach numbers
to about 1.50 atm at transonic speeds and to about
2.00 atm at Mach numbers of 0.40 or less. Tunnel
air is dried until the dew point is reduced enough
to prevent condensation. Temperature is controlled
with water from an outside cooling tower circulating
through cooling coils across the corner of the tunnel
circuit upstream of the test section.

Wind-Tunnel Model

The LFC model was mounted vertically with 23°
of sweep and extended through the test section liner
from ceiling to floor about 10 ft forward of the reg-
ular test section (fig. 3). The model location (dis-
cussed later) was chosen to minimize viscous block-
age, diffuser losses, and tunnel-wall boundary-layer
radiated noise and to allow unrestricted development
of the supersonic zone in the flow field above the
upper surface.

Capability was provided to make small angle-of-
attack changes up to £2° about the quarter-chord in
a plane normal to the leading edge.

Wind-Tunnel Liner

To meet special requirements for the large-chord,
laminar-flow-control experiment, the conventional




slotted test section was reshaped with a contoured,
solid wall liner. The 54-ft liner extended from the
tunnel contraction region (the 24-ft tunnel station)
through the test section and into the diffuser (the
78-ft tunnel station). The 50-ft tunnel station in the
liner coordinate system corresponds to the slot ori-
gin of the 8-ft TPT slotted test section. The shape
of the contoured liner conformed to the computed
streamline flow field around the wing at the design
lift coefficient, Mach number, and Reynolds number.
Reference 16 discusses the analytical design of the
liner.

Sonic Choke Devices

To prevent facility-generated pressure distur-
bances from feeding forward into the test section,
an adjustable sonic throat consisting of two-
dimensional, adjustable, sonic choke plates located
on the liner along opposing sidewalls (fig. 6) was in-
cluded as part of the liner design. These sonic choke
devices were located about 1 chord downstream of
the model trailing edge between the test section and
the diffuser.

References 15 through 19 discuss the need for such
choke devices, the demonstrated value of such de-
vices, and flow quality measurements in the standard
8-ft TPT configuration.

Wind-Tunnel Screens and Honeycomb

Disturbances such as pressure and vorticity fluc-
tuations propagating downstream through the set-
tling chamber were reduced by a honeycomb and
five screens installed in the settling chamber. (See
fig. 4(a).) Design considerations for flow-quality de-
vices and evaluation of the screen-honeycomb config-
uration are given in references 20 through 22.

Model Suction System

Laminar-flow control by boundary-layer removal
on the slotted configuration was achieved with suc-
tion through closely spaced slots (fig. 7) extend-
ing spanwise on the airfoil surface. After passing
through the slots and small underlying plenums, the
air passed through appropriately spaced metering
holes and was collected by spanwise ducts of con-
stant cross section with circular or two-dimensional
suction nozzles located at the ends. Air from the noz-
zles passed through model evacuation lines, through
airflow control boxes that controlled the amount of
suction to the individual duct nozzles, through vari-
able nozzles, through hoses to a collector manifold,
and, finally, to a 10000-ft3/min (CFM) compressor
with a 4.5:1 compression ratio which supplied the
suction.

For low test Reynolds numbers, the tunnel cir-
cuit had to be evacuated to very low stagnation

pressures. For example, for R, =10 x 10® and
My, = 0.82, stagnation pressure was about 0.33 atm.
The pressure on the model upper surface was even
lower since the local static pressure at design condi-
tions (Mipcar > 1.0 in supersonic bubble) was ap-
proximately one-half the stagnation pressure (i.e.,
Plocal/Pstagnation = 0.528 for Mioca) = 1.0). Because
of this, the 4.5:1 compression ratio, 10000 CFM com-
pressor was exhausted to the stagnation pressure
of the tunnel circuit instead of to outside ambient
conditions, as shown in figure 4(b).

In the normal operation of the tunnel, the
10000 CFM compressor exhaust would be vented
to the atmosphere through an automatic modulat-
ing valve to maintain a constant stagnation pressure
(constant Reynolds number) against piping and ac-
cess hatch leaks. It was impossible in this experi-
ment, however, to do this and simultaneously sat-
isfy the suction requirements for the reasons outlined
above. Therefore, an auxiliary 2000 CFM compres-
sor was installed to balance the tunnel stagnation
pressure against leaks.

Laminar-Flow-Control Airfoil Design

Design Cycle

The design and optimization of the laminar-flow-
control (LFC) airfoil required iteration cycles using
advanced computer codes to analyze the aerodynam-
ics, the surface mass transfer and displacement thick-
ness effects, and the stability of the boundary layer.
The application of advanced codes was expected to
reduce the uncertainties associated with the design
of suction systems and to improve the determination
of the suction flow requirements.

A block diagram of the iterative design cycle
is shown in figure 8 with illustrative outputs from
the various codes. The design approach utilized a
transonic-airfoil analysis code (ref. 23), a swept-wing
boundary-layer code (ref. 24), and stability theo-
ries (refs. 25 through 28) for prediction and opti-
mization of suction requirements. Successive com-
putations were made to optimize the combination of
design Mach number, lift, and airfoil thickness at
R, = 20 x 108. The three-dimensional, boundary-
layer analysis code (ref. 24) was modified to in-
clude the effects of local mass transfer and computa-
tion of boundary-layer displacement thickness. This
code, in combination with the transonic airfoil anal-
ysis code (ref. 23), permitted the analysis of tran-
sonic flow and three-dimensional boundary-layer pa-
rameters over an infinite-span, yawed LFC airfoil.
Combining results from the boundary-layer analysis
with the stability codes provided the required suction
rates. Solutions of the stability codes were based on
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the fixed-frequency, or envelope, method for various
types of local boundary-layer instabilities in the dif-
ferent regions of the airfoil upper and lower surfaces.

Theoretical Pressure Distributions

The LFC wing was designed for shock-free flow
at a high free-stream Mach number with lift perfor-
mance comparable to that of current turbulent super-
critical airfoils. The intent was to design a laminar-
flow-control airfoil that retained the advantages of
a supercritical airfoil while minimizing boundary-
layer instability problems and, thus, suction require-
ments by suitable choices of geometry and pressure
distribution.

The “near-final,” shock-free design pressure dis-
tribution and sonic lines normal to the leading edge
for the resultant airfoil (as calculated with the anal-
ysis code of ref. 23) are shown in figure 9. Various
types of boundary-layer instabilities considered in the

* design process are indicated. Also included in figure 9
is a high-lift, off-design pressure distribution. Earlier
design efforts are reported in references 10 and 11
with comparisons of numerical results presented in
references 12 and 13.

The airfoil analysis code of reference 23 did not
include provisions for a laminar boundary layer; and,
in view of the extremely thin laminar boundary layer
expected with suction, the flow was treated inviscidly
by assuming zero displacement thickness up to the
point of specified transition. Transition was specified
during design to occur near the end of the laminar
test regions—96 percent chord on the upper surface
and 84 percent chord on the lower surface. Suction
did not extend completely to the trailing edge of the
upper surface because of the high suction require-
ments and marginal benefits and because the trailing
edge was extremely thin (0.020 in.). Suction was not
required over the aft region of the lower surface for
several reasons: (1) the adverse pressure gradients
in the concave region tended to generate crossflows
opposite in circulation to those generated in the fa-
vorable pressure gradient regions, thus minimizing
suction requirements; (2) Taylor-Gortler instability
was controlled by geometric shaping (discussed in
later sections) rather than by suction; and (3), per-
haps the most practical reason, there was no room for
lower-surface suction ducts beyond 84 percent chord.

The airfoil thickness was reduced in the front and
rear by undercutting the lower surface to optimize
lift (for a given thickness and Mach number) or Mach
number (for a given thickness and lift) and to reduce
pitching moments. The center of the airfoil provided
bending strength and torsional stiffness without any
significant lift contribution. This concept provided
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less pitching moment than conventional aft-loaded
supercritical airfoils.

Undercutting the forward lower surface also pro-
duced a low-velocity region of near-constant pressure
coefficient that was conducive to laminar flow with-
out suction. This procedure also reduces sensitiv-
ity to surface roughness which might permit laminar
flow over local surface discontinuities associated with
leading-edge devices such as Krueger flaps.

As discussed in reference 10, the upper-surface
pressure distribution was characterized by a steep
acceleration around the leading edge (because of the
relatively sharp and specially designed leading edge)
followed by a gradual and progressively slower decel-
eration to about 40 percent chord. Over the mid-
chord region, the pressure gradient was near zero.
Downstream of the 70 percent chord, the flow de-
celerated progressively more rapidly through a steep
subsonic pressure rise toward the trailing edge in a
manner similar to a Stratford-type pressure recov-
ery. The rear transition from supersonic to subsonic
flow was located in a region of relatively strong sur-

face curvature. This location better ensured a gen-
tle slope of the sonic line toward the upper surface

around 80 percent chord and thus delayed the on-
set of shocks in this particularly critical region. The
supersonic zone on the upper surface thus extended
over about 80 percent of the airfoil chord, and the
maximum local Mach number reached about 1.11.
This was greater both in extent and magnitude than
that measured in flight on either the F-94 or X-21
(refs. 3 and 4).

As discussed in reference 2 and in later sections
of this report, crossflow disturbance growth was be-
lieved to depend more on the time spent in a pres-
sure gradient than on the steepness of the gradient.
Growth thus may be minimized by confining steep
gradients to short distances along the chord. Con-
sequently, steep gradients are indicated in the four
regions labeled “crossflow” in figure 9.

On the lower surface, the flow accelerated rapidly
around the small leading edge toward the concave
region at high static pressure with a local decelera-
tion at about 10 percent chord. The flow then ac-
celerated rapidly in a second acceleration to sonic
velocity in the midchord region. The small pocket of
supersonic flow in the midchord region was followed
by a Stratford-type rear pressure recovery to a high
static pressure in the rear concave-curvature region.
The flow finally accelerated to the trailing-edge static
pressure.

A small-chord (0.109¢) trailing-edge flap provided
pressure distribution and lift control at off-design
conditions. Calculations of lift recovery by flap de-
flection (in the event of suction failure and/or loss



of laminar flow on an earlier configuration (ref. 11))
indicated that the flap was very effective in recover-
ing a pressure distribution similar to the design-point
pressure distribution.

As noted in reference 2, feasibility of the LFC
airfoil depended on the ability to maintain laminar
flow in the concave-curvature regions on the lower
surface where centrifugal Taylor-Gortler (T-G) type
of boundary-layer instabilities dominate. In a man-
ner similar to crossflow disturbances, Taylor-Gortler
disturbance growth depends more on the time spent
in a concave-curvature region than on the magni-
tude of the curvature. One technique for minimiz-
ing the growth of T-G instabilities was to turn the
flow through a given angle over the shortest possible
chordwise distance in the concave-curvature regions
at one or more “corner” locations instead of using a
gradual turn over a longer chordwise distance. As a
result, the two concave regions on the lower surface
had local regions of high curvature, and two dips,
labeled “Taylor-Gortler instabilities,” appear in the
pressure distribution of figure 9.

To provide suitable computational resolution to
analyze spikes in the pressure distribution at such
“corners,” the incompressible Eppler code (ref. 29)
was used with extra grid points in the low-speed flow
of the fore and aft concave regions of the lower sur-
face. These corners and the resulting pressure spikes
were then superimposed on the “near-final” calcula-
tions of figure 9, and the “final” composite design
pressure distribution is shown in figure 10. The re-
sulting airfoil profile is shown in figure 11 and the
coordinates are presented in table I. As described
in reference 13, there were two concave corners in
the front region and two in the rear region where
boundary-layer suction was provided to prevent lam-

inar separation. There were four additional concave
corners in the region downstream of where the suc-

tion ended.
Theoretical Shock-Free Limits

Since the airfoil was designed with a large, shock-
free, supersonic zone, the local flow was sensitive
to changes in the external flow conditions (ref. 30).
Conceptual design and off-design transonic potential
flow analyses (ref. 10) indicated that shock-free, full-
chord laminar-flow airfoils appeared feasible at the
design point and possibly within a narrow off-design
operating range.

Reference 2 summarizes previous successful ex-
perimental research involving laminarization with
suction in the presence of shock boundary-layer inter-
action without flow separation at supersonic speeds.
Based on this earlier work and unpublished analy-
ses, suction laminarization appeared practicable in

regions of weak shocks on transonic airfoils. Ap-
parently, the pressure rise that a laminar boundary
layer can negotiate in the region of an incident shock
wave decreases with increasing Reynolds number un-
less the thickness of the upstream boundary layer
can be reduced in some manner (by suction, for ex-
ample). Quantification of the suction requirements
for boundary-layer control in such shock-interaction
regions requires experimentation.

A summary of the variation of lift coefficient with
Mach number normal to the leading edge, as calcu-
lated by the two-dimensional analysis code of refer-
ence 23, is shown in figure 12 for various combina-
tions of angle of attack and flap deflection. The solid
lines through open symbols are fairings of shock-free
flow limits for constant flap deflection. Outside any
of these limit lines either in increasing ¢; ;y or My, an
irregularity or discontinuity in the theoretical pres-
sure distribution was deemed to be indicative of a
flow condition that would rapidly deteriorate into a
shock, thus rendering suction laminarization difficult.
The design point (My = 0.755 and ¢; y = 0.55) se-
lected for the experiment is shown in figure 12 with
a solid circle symbol. The solid diamond symbol
in figure 12 is the high-lift, off-design case from fig-
ure 9. Figure 12 probably represents a somewhat op-
timistic view since the results are based on an inviscid
analysis.

At the design Mach number, the height-to-length
ratio of the supersonic bubble above the upper sur-
face was limited to about 0.35. Limitations that may
be imposed by the model supersonic-bubble/tunnel-
wall interaction were evaluated and are shown in fig-
ure 12 by the dashed curve.

Stability Analysis

Analysis and control of boundary-layer stability
is especially difficult in high-speed flight where flow
over sweptback wings must be considered.

Boundary-layer instabilities that can occur on
swept wings are leading-edge attachment-line insta-
bility, inflexional or crossflow instability, Tollmien-
Schlichting tangential instability, and Taylor-Gortler
instability that is associated with surface concav-
ity. These various instabilities are dependent on
geometry and are normally analyzed separately al-
though mutual interactions are possible. For exam-
ple, in transonic flow, crossflow disturbances may
superimpose with weakly amplified oblique Tollmien-
Schlichting waves in the flat, midchord, pressure gra-
dient regions on wings causing the crossflow vor-
tices to be distorted three-dimensionally and thus
be stretched and convected downstream. This re-
sulting nonlinear interaction of Reynolds stresses in
the two disturbance modes will cause the crossflow
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vortices to grow substantially faster than those pre-
dicted by linearized disturbance theory. Therefore,
the permissible degree of any one type of instability
must be reduced when considering the possibility of
interactions since analysis of their interdependence is
not well-established (ref. 31).

Initially, the linearized, incompressible,
boundary-layer crossflow stability codes of refer-
ences 25 and 26 were used in the design cycle (fig. 8)
to calculate integrated disturbance amplifications of
the crossflow (CF) and Tollmien-Schlichting (T-S)
boundary-layer disturbances. Later, these calcula-
tions were verified using the more advanced linear in-
compressible and compressible codes of references 27
and 28. Figure 13 is a summary of the boundary-
layer stability analyses conducted at design condi-
tions based on reference 27. It shows the maximum-
disturbance amplitude ratios (n = In a/a,) calcu-
lated in the nose, midchord, and aft regions of the
upper and lower surfaces. The results are based on
" solutions obtained by the “envelope method” and are
presented as the variation of nmayx with frequency f
or normalized wavelength A/c in each region of the
airfoil. In the nose and aft regions where crossflow
instabilities dominate, the curves for npayx are the
envelopes of maximum amplification rates for differ-
ent wavelengths. In general, the most amplified rates
were found for f = 0, which is similar to results
found for the earlier low-speed LFC airfoil designs in
reference 2.

Upper surface. Leading-edge contamination, or
spanwise-turbulence contamination, refers to the in-
stability of the spanwise boundary layer which is
formed along the wing stagnation or “attachment
line.” This attachment-line instability was mini-
mized on the model by limiting the attachment-line
Reynolds number Ry ;) to less than 100 by choice of a
moderate leading-edge sweep angle and by reducing
the leading-edge radius and unit Reynolds number.

Because of transverse pressure gradients on swept
wings, a boundary-layer crossflow component devel-
ops in the direction normal to the local potential-
flow streamline. This crossflow profile has an inflec-
tion point that is strongly destabilizing (inflexional
instability). Crossflow instability is associated with
strong pressure gradients and predominates in the
four regions of rapidly accelerating and decelerating
flow indicated in figure 9.

Long extents of pressure gradients on swept wings
result in the development of large crossflow velocities
and large crossflow-disturbance amplification rates.
These crossflow instabilities can be reduced, how-
ever, by increasing the steepness of the gradients
and thereby thinning the boundary layer. In the
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leading-edge region of the upper surface, crossflow
was minimized by rapidly accelerating the chord-
wise flow from the stagnation point to the pressure
minimum by use of a sharp leading edge. Restrict-
ing the leading-edge sweep and unit Reynolds num-
ber to moderate values also had a favorable effect
on reducing crossflow instabilities. Because of these
steps taken to minimize crossflow effects at the lead-
ing edge, suction in the immediate leading-edge re-
gion was not required for any but the highest design
Reynolds number R, of 40 x 108, where a small suc-
tion spike is shown (fig. 14). Since a Reynolds num-
ber of 40 x 10% would have been in the short-term
operating envelope of the tunnel because of overheat
limitations, no provision was made for suction in the
leading-edge region.

Tollmien-Schlichting instabilities dominated over
the midchord region of the upper surface where there
was a slowly decelerating supersonic flow followed by
a relatively flat pressure distribution. These insta-
bilities were minimized by the flatness of the pres-
sure distribution, and their growth was controlled
by modest amounts of suction over the upper sur-
face to about 60 percent chord. Since the crossflow
in the leading-edge region of the airfoil is concen-
trated over a very short chordwise distance and de-
cays rather rapidly in the slowly decelerating down-
stream flow, the interaction of crossflow disturbances
with Tollmien-Schlichting disturbances in the ex-
tensive flat-pressure midchord region of the upper
surface appeared insignificant (ref. 10).

The airfoil design located the rear upper-surface
pressure rise rather far downstream and increased the
pressure gradient toward the trailing edge. In this
region, the maximum crossflow velocity occurs closer
to the surface (compared with the leading-edge cross-
flow profile) and the crossflow was more stable here
than over the leading-edge region. This combination
of adverse pressure gradient and crossflow resulted
in increased suction requirements in the rear upper-
surface region (fig. 14).

The indicated maximum-disturbance amplitude
ratios on the upper surface (fig. 13) appeared ac-
ceptable when compared with previous swept LFC
airfoil models tested in wind tunnels at low speeds
(ref. 2). Compressibility effects were seen to reduce
Nmax significantly in the midchord (T-S) region with
minor favorable effects in the CF regions. This re-
sult indicated that the suction requirements as de-
termined from incompressible calculations were con-
servative estimates. Therefore, the final LFC airfoil
suction-system design was based on incompressible
calculations.



Lower surface. On the lower surface, crossflow
instabilities were alleviated over the forward region
by providing steep accelerations around the leading
edge and in the second acceleration near 20 percent
chord. The steep acceleration at the leading edge
resulted from the sharp leading edge, and the steep
acceleration near 20 percent chord resulted from
the choice of airfoil geometry. In addition, the
decelerations in the two corners ahead of 20 percent
chord caused a crossflow in the opposite spanwise
direction that tended to cancel or compensate for
the crossflow generated by the second acceleration.
As a result, no suction was required for the control
of crossflow instability in the lower-surface forward
region.

Similarly, the crossflows in the steep accelera-
tion and deceleration in the lower-surface aft region
tended to offset each other and to minimize suction
requirements for crossflow control in that region.

The incompressible stability results for the lower
surface were similar in level and trend to those for
the upper surface and again indicate that suction
requirements in the forward and aft regions may be
conservative. Laminarization of the LFC airfoil lower
surface depended more strongly, however, on the
suction control requirements of the more dominating
centrifugal instabilities in the concave-surface regions
referred to as “Taylor-Gortler instabilities” (refs. 32
and 33).

Results from linearized analyses (refs. 32 and
34) of the T-G instability presented in reference 35
were used to determine amplification factors for the
lower-surface concave regions. Figure 15 (taken from
ref. 35) shows the variation of the linearized max-
imum growth factor B with the Gortler parame-
ter GG for disturbances with and without asymptotic

area suction. Suction tends to pull the T-G vortices
closer toward the wall where stronger viscous forces

dampen their growth. By using values of B between
the theoretical curves shown in figure 15, calculated
values of G based on airfoil-surface radius of curva-
ture, and calculated boundary-layer parameters, the
T-G vortex maximum growth rates in the concave
regions were obtained from the following equation:

(zn)2 (ﬂeRo)max]
AL0Imax | g
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Nmax =
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As noted in the derivation of the “final” compos-
ite design pressure distribution, turning of the flow in
the lower-surface concave-curvature regions (fig. 10)
through several “corner” locations was believed to
minimize growth of the T-G vortices. Consequently,
such corners were analyzed instead of the usual grad-
ual turn over a larger chordwise distance. Figure 16

shows representative values of ny3x with small incre-
mental turns of the flow Az/c based on the Blasius
and asymptotic suction amplification rates shown in
figure 15.

According to reference 10, the wave number of the
most amplified T-G vortices is relatively large for the
large values of G in short chordwise-distance turns
or “corners” of small radii. This leads to small vor-
tex wavelengths and vortex heights from the surface
(ref. 34) when compared with those of a longer, more
gradual turn through the same angle. With poten-
tially smaller T-G vortices, sufficient damping due to
dissipation in the corners may tend to minimize over-
all growth of the disturbances. The insert in figure 16
illustrates typical variations of normalized curvature
¢ /r with z/c for several possible increments of turn.
Even though the Gortler number G and local growth
rate B of the T-G vortices with a sharp turn of small
radii are large, the integrated growth rate nmax may
be seen to decrease as the radius of concave-surface
curvature decreases.

Since the flow decelerates as it approaches the
concave “corner” regions of the model, increased lo-
cal suction is required to prevent laminar separation.
Values of nppax = 2.5 to 4.0 based on the approach
described above for T-G instabilities have been ob-
tained in the front and rear concave regions of the
LFC airfoil. The increased suction associated with
these corners appeared as local spikes in the suction
distribution. However, although disturbance ampli-
tude may have decreased locally in the region of in-
creased suction at each corner, the general trend was
for disturbance amplitude to grow throughout the
concave region and reach a maximum amplitude at
the end of the concave region. The region of con-
cave curvature in the forward lower surface was fol-
lowed by a strongly favorable pressure gradient and
a convex-curvature midchord region that tended to
dampen disturbance growth.

In the aft concave region, six such corners were in-
corporated (fig. 11(c)). Two were located in the suc-
tion zone, each followed by a slightly convex turn (a
slightly negative turning angle). There were four ad-
ditional concave corners in the rear where no suction
was provided (z/c > 0.84). Spikes occurred in the
pressure distribution for the first two corners (fig. 10)
but not for the last four, because, as mentioned ear-
lier, a turbulent boundary layer was assumed in the
region z/c > 0.84. Details of the concave corners are
presented in reference 13.

Drag Divergence

During airfoil design, emphasis was placed on
achieving a high drag-divergence Mach number Mpp
for the chosen thickness ratio and lift coefficient in

11



order to reduce sweep for a fixed free-stream Mach
number. For the design (¢/c)y = 0.130, the theoret-
ical supercritical LFC airfoil had a Mpp comparable
with that of supercritical turbulent airfoils (fig. 17).

Laminar-Flow-Control Model Suction
System

Airfoil Suction Requirements

Model laminar region. Figure 14 shows the
theoretical chordwise suction distribution over the
upper and lower surfaces in terms of the suction
coefficient Cgy for several Reynolds numbers. Suction
in the laminar test region extended from 2.5 to 96.2
percent chord on the upper surface and from 5.0 to
84.1 percent chord on the lower surface.

These suction distributions represent the mini-
mum levels calculated to control disturbance growth
and maintain laminar flow. Evaluation of suction

_distributions was accomplished by combining them

with the pressure distributions as iterative input
to the conservative, linearized, incompressible sta-
bility calculations previously discussed. Calculated
suction requirements were based upon continuous
area suction over the surface. The results shown
in figure 14 are based on maximum amplification
or n-factors of €® to e’ for crossflow and Tollmien-
Schlichting boundary-layer disturbances on the up-
per surface and e49 to €89 on the lower surface.
For Taylor-Gortler instabilities on the lower surface,
n-factors of €29 to ¢*9 were assumed. Based on a
summary of the state-of-the-art application of sta-
bility theory to laminar-flow airfoils using suction
(ref. 36), these maximum amplification factors were
believed to be reasonably conservative for a tunnel
with the disturbance levels expected for this experi-
ment (u'/Us < 0.05 percent).

Suction in the immediate leading-edge region was
omitted because of the small leading-edge radius and
pressure distribution selected to minimize crossflow-
disturbance growth rates. Increased suction was
required in the upper, aft pressure-rise region and
in the decelerated-flow regions of the lower-surface
concave regions.

During the hardware design phases, the continu-
ous suction distributions shown in figure 14 were in-
tegrated over the chordwise extent of each duct and
a discrete suction level was assigned to each duct.
These integrated distributions (shown in fig. 18) were
used to design the suction system hardware of the
model and also were used as guidelines for setting
suction levels during the experiment.

Model turbulent region. As discussed in a
previous section, the tunnel-wall boundary layer
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developed wedge-shaped regions of turbulent flow on
the airfoil surface near its juncture with the wall
(fig. 19). These wedge-shaped turbulent zones orig-
inated at the juncture of the wing leading edge and
liner and were assumed to propagate from the local
streamwise direction at a 10° angle. These required
increased suction levels to avoid separation in the
rear pressure-rise area. Because of this variation in
spanwise suction, with more suction required toward
the ends of the model, separate suction controls were
designed for the laminar test zones on the upper and
lower surfaces and for the turbulent wedge zones at
the floor and ceiling ends of the model. This was
accomplished with bulkheads in the model suction
ducts that approximated the turbulent wedge bound-
aries and separated the laminar regions on both sur-
faces from the turbulent regions and allowed proper
accountability of the suction drag. Suction may have
been avoided in the turbulent regions with suitable
geometric changes of the airfoil. However, such geo-
metric changes were not investigated nor incorpo-
rated in the model since they would have unduly
complicated model design and construction and in-
creased model cost. Instead, flaps and collar suction
were included to maintain two-dimensional constant
lift across the span.

Figure 20 shows the spanwise design suction dis-
tributions for the upper and lower surfaces at sev-
eral chordwise stations. The design values of suc-
tion in the turbulent zones are shown as multiples of
the suction values in corresponding laminar zones. A
2-D boundary-layer analysis was used to evaluate the
suction required in the turbulent zones to avoid flow
separation. In general, the suction levels in the lami-
nar zones extended the full span to about 60 percent
chord on the upper surface and to about 15 percent
chord on the lower surface before increased suction in
the turbulent zones was required. On both surfaces,
laminar suction levels extended into the turbulent
zones before increasing rapidly to the turbulent level.

Slot Design

Minimum profile drag would be expected with
a well-designed continuous-suction surface. A large
number of discrete slots, which closely simulated con-
tinuous suction, would be expected to approach min-
imum profile drag. The tendency would be toward a
reduction in profile drag with an increasing number
of slots since the average boundary-layer thickness
would decrease with decreasing slot spacing. More
closely spaced slots would also enhance flow stabil-
ity with reduced local suction and less variation of
boundary-layer thickness. However, from the more
practical standpoint of fabrication, structure, and
hardware, it was desirable to reduce the number of



slots to a minimum. Design criteria from previous
experiments and from some analyses were utilized to
minimize the number of slots without inducing slot
wake-flow fluctuations and with negligible sink effects
on the boundary layer during passage from one slot
to the next.

Analysis. The equations used for slot spacing Ac
and sucked height z were derived by equating the
suction flow rates at the surface to the flow rates
within the slot in a manner similar to the earlier
approach described in reference 2. The expression
derived and used for the slot spacing was defined as

) v Rs (%)0.73 _ R, (%)0.73 (2)
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Equation (2) was applied with the restrictions
that s < 0.4h and 1.3 < s/z < 1.4 to minimize the
influence of slot wake-flow oscillations in the plenums
and the boundary-layer streamline interaction at the
downstream lip of the individual slots (ref. 37). The
integrated averages of suction distributions over the
ducts (fig. 18) were used in equation (2) to size the
slot spacing.

Extensive suction significantly reduces local
boundary-layer thickness but can lead to transition
because of roughness effects; insufficient suction leads
to instability. Accordingly, the sucked height 2 of the
boundary layer can be critical in the slot design for
the required suction rates to maintain laminar flow.
The sucked height is defined as
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Values of z were restricted to about one-fifth of the
boundary-layer thickness.

In general, z/s should be on the order of 1, the
pressure drop through the slot must be compati-
ble with the plenum metering-hole configuration and
duct pressure levels, and the slot-spacing Reynolds
number should be limited to small values. For the
present model, maximum pressure drop through the
plenum metering holes was limited to about 2 percent
of the free-stream dynamic pressure to avoid back
flow oscillations through the slots that could cre-
ate boundary-layer disturbances. The effect on slot
width for a given chord and unit Reynolds number
condition can be shown from equations (2) and (3).

In general, representative values in equations (2) and
(3) indicate that slot widths on a typical, full-scale
LFC transport wing (¢ ~ 20 ft) would be greater
than those for the present LFC airfoil model.

Slot geometry. By using the calculated suction re-
quirements shown in figure 18, the upper- and lower-
surface slot width, spacing, and internal-suction air-
flow metering system of the LFC airfoil were designed
for a 50-percent, off-design oversuction capability.
The spanwise running slots had sharp lips and var-
ied in width from 0.0020 to 0.0063 in. They extended
in the chordwise direction from 2.5 to 96.2 percent
on the upper-surface central flap region and from 5.0
to 84.1 percent on the lower surface. In the span-
wise regions on the two intermediate and outer flaps,
the upper-surface slots did not extend chordwise be-
yond the flap hinge line. Slot width and spacing are
presented in table II. The higher suction levels re-
quired in the upper, aft, pressure rise region, in the
decelerated-flow region of the lower-surface concave
region, and in the turbulent wedge regions near the
ends of the model were achieved with more closely
spaced slots and metering holes, as well as through
duct/nozzle arrangement and sizing.

Slot plenum. Laminar boundary-layer oscilla-
tions and transition can result from suction-induced
disturbances at high Reynolds numbers. Therefore,
consideration was given to slot-plenum geometry to
prevent slot wake-flow fluctuations due to oscillating
slot wakes in the small plenum chambers beneath
the slots. This was accomplished by proper selec-
tion of plenum chamber height and plenum metering-
hole diameter and spacing for the design surface-
pressure drop. Other considerations were fabrication
problems and maintenance of the surface to prevent
clogging.

In principle, parameters for slot design are the slot
Reynolds number Rg, the sucked height z, the pres-
sure drop through the slot, and slot spacing. Fig-
ure 21 shows experimental limits based on unpub-
lished measurements made during this design effort
and limited results represented in reference 37 for the
variation of the ratio of plenum height to slot width
h/s with slot Reynolds number for several limiting
metering-hole geometries. In general, Ry should be
as small as possible to avoid viscous slot wake-flow os-
cillations. For constant slot width, the results shown
in figure 21 also indicate that very shallow plenums
would be required at high values of Rs. Such shal-
low plenums cause fabrication and maintenance prob-
lems, especially for small-scale models. The LFC
airfoil design criteria are indicated by the hatched
region for 10 < h/s < 20 and Rs < 150 with two
spanwise rows of metering holes located on opposite
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sides of the shallow plenum beneath each slot with
diameters less than 0.020 in. and spaced 0.50 in. or
less apart. Such a plenum metering-hole configura-
tion resulted in more uniform spanwise suction and
was less sensitive to internal duct noise and chord-
wise displacement of the holes than single rows of
holes aligned with the slots (ref. 37).

Suction Nozzle Design

Volume limitations inside the LFC airfoil model
and requirements for maintaining very low duct ve-
locities necessitated the design and application of
both circular and 2-D suction duct nozzles to re-
move and measure suction flow rates. Figure 22
shows sketches of both nozzle types. The circular
nozzles provided a smooth inlet flow followed by a
straight section beginning at two throat diameters
downstream from the lip. The 2-D nozzles had a
transition section where the shape changes from rect-
angular to circular. The nozzle half height (h/2)
- and total width depended on the duct dimensions in
which they were installed. Nozzle sizes were selected
by limiting maximum flow velocity to 250 ft/sec to
avoid choking and duct pressure oscillations. All
nozzles were calibrated for flow coefficient variations
with Reynolds number based on diameter so that
mass flow rates could be measured during the ex-
periment. Each duct and nozzle throat contained a
static pressure orifice to measure the absolute and
nozzle-duct differential pressures. These were used
along with the calibrated nozzle flow coeflicient to
calculate mass flow rates of each duct during testing.

Laminar-Flow-Control Model Design and
Fabrication

Slotted Surface Structure

Laminar-flow-control demands stringent manu-
facturing and structural requirements to achieve
smooth surfaces and provide minimum weight struc-
tures for plenum chambers and ducts. If suction
velocities and slot Reynolds numbers are kept low,
rather simple suction slots can be cut into a thin
outer skin bonded to a substructure.

Structural features. Figure 23 shows a cross-
sectional view at midspan of the 7.07-ft-chord, swept,
LFC airfoil model. The model was assembled with an
aluminum wingbox to which six individual aluminum
panels (three upper-surface and three lower-surface)
were attached (fig. 23(a)). The upper-surface suc-
tion panels were assembled using spliced joints and
were fastened to the wingbox from the underside to
minimize steps or gaps on the upper surface. The
three lower-surface panels were fastened directly to
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the wingbox. Suction ducts (fig. 23(b)) were ma-
chined into the panels and suction slots were cut into
a 0.032-in-thick external aluminum skin bonded to
the outer surface of each panel.

All three upper-surface panels and the forward
lower-surface panel were protected by infusing
the aluminum surface with polymeric particles
(TUFRAM! coating), thus forming a hardened sur-
face that minimized corrosion and damage during in-
stallation and testing. The surfaces of the mid and
aft lower-surface panels were not hardened since they
were not considered as critical to surface erosion as
the forward and upper-surface panels.

The trailing edge of the model consisted of a 10.9-
percent-chord, five-segment flap from which loads
were transferred through the aft panels to the central
wingbox structure. This five-segment flap system in-
cluded a central laminar suction flap with a 13.6-in.
span and two separate nonsuction flaps on either side
of the central flap. Segmentation of the flap compen-
sated for aerodynamic decambering across the span
of the airfoil model because of turbulent wedges orig-
inating from the leading-edge wall junctures. The
central laminar-zone flap had a deflection range from
~2° to 2° in 0.04° increments (positive, trailing edge
down in a plane normal to the leading edge). The in-
termediate flaps had a deflection range from —2° to
4° in 0.20° increments; and the outer, fully turbulent
flaps had a deflection range from —2° to 6° in 0.40°
increments.

Figure 24 shows detailed segments of the LFC
airfoil surface and its internal suction system in the
model leading edge and central trailing-edge suction
flap. Slot widths and spacing, slot plenums, metering
holes, and collector ducts were sized for suction ca-
pability 50 percent above the design suction require-
ments. This system provided the removal of local
boundary-layer air through both discrete spanwise
ducts with constant cross section and suction noz-
zles located in the ends of the ducts. The spanwise
ducts were designed to minimize pressure variations
along the duct length by accounting for momentum
and friction forces. A significant feature was that
the design maximum duct velocity—except for the
small limited-volume rearward ducts—is less than
50 ft/sec.

Fabrication process. A surface finish compati-
ble with the thickness of the thin laminar bound-
ary layer was necessary to maintain laminar bound-
ary layers with surface suction. Indeed, smoothness
requirements, which influence the manufacture and
maintenance of low-drag airfoils, have always been

1 TUFRAM: Registered trademark of General Magnaplate
Corporation.



important (ref. 2). Experience and analysis (ref. 10)
indicate that because of the large region of near-sonic
flow on the upper surface of supercritical airfoils, sur-
face tolerances for the LFC airfoil should be more
stringent than those of more conventional models.
Although definite surface-finish specifications are not
available for high subsonic speeds, considerable ef-
fort was spent to improve fabrication and assembly
techniques, and the model surface was hand polished
until it was judged to be aerodynamically smooth.

Suction panels, attachment fittings, and inter-
nal ducting were fabricated from large aluminum
billets with numerically controlled milling machines
(fig. 25). Plenums and metering holes were machined
and drilled perpendicular to the surface contour on a
specially developed surface table/machine assembly
equipped with overhead semiautomatic cutting and
drilling tools (fig. 26). The panels were then chemi-
cally cleaned and a 0.032-in-thick sheet of aluminum
alloy was bonded to the panel to form the outer
surface. Discrete spanwise 0.0020- to 0.0063-in-wide
slots were cut through the 0.032-in-thick bonded skin
over the center of each plenum using special jeweler’s
circular-saw blades. Surface contour accuracy of the
suction panels was routinely checked after each ma-
jor fabrication process to ensure that the final shape
adhered to the required tolerances.

To assure proper mating, various components
were assembled during fabrication. The photographs
in figure 27 show assemblies of the three upper-
surface suction panels to the wingbox (fig. 27(a)) and
the lower forward and center surface panels without a
trailing-edge flap (fig. 27(b)). The width of the wing-
box extended chordwise over the model midregion
and contained internal stiffeners and access holes.
Tunnel floor and ceiling attachment beams are shown
at one end of the wingbox. When installed in the tun-
nel (fig. 28), the wingbox rotated about a spanwise
line located near the quarter-chord station to provide
small angle-of-attack adjustments. Each flap on the
five-segment flap assembly could be independently
deflected. The entire model, with flap assembly, was
assembled and mated before it was installed in the
tunnel; the final assembly was made during instal-
lation. During preinstallation assembly, the panels
were hand polished to ensure overall surface smooth-
ness, particularly along the joints.

Surface tolerance. Since pressure coefficients are
proportional to local flow inclinations, or the surface

slope divided by the Prandtl factor (M2 — 1)1/2 in
supersonic fow,

2 dy

(e (M2 —1)/? dz

airfoils with large regions of near-sonic velocity are
particularly sensitive to surface waviness (refs. 10
and 11). Under such conditions, small waviness may
(1) cause enough of a decrease in local external pres-
sure to induce outflow through the slots, (2) change
the pressure distribution such as to influence growth
of boundary-layer disturbances, or (3) generate a
pressure wave that reflects from the sonic line onto
the airfoil surface and induces transition.

To evaluate the effects of waviness on the LFC
model, inviscid calculations were made using the
transonic analysis code of reference 23 with a 320-
point grid around the airfoil. A local surface wave
was introduced by small changes in the upper-surface
coordinates, and the resulting pressure distribution
was then examined to see if the effects were accept-
able. The resultant variation of permissible ampli-
tude ratio A/A for multiple waves on supercritical
LFC airfoils is shown in figure 29 as a dashed line.
An empirical expression derived from previous “X-21
criteria” data (refs. 38 and 39)

= (4)

h_ [59 000 cos2A]1/2
AL oseRe”

is represented for several values of R, by solid lines
in figure 29. The symbols are wave amplitudes
measured on the upper surface of the model during
preinstallation assembly using a template that had
been machined to the model coordinates. These
measurements were considered accurate to within
+0.0005 in. and represent “worst case” values. These
measurements were made before final assembly and
before the surface was hand polished.

The permissible values of wave height A would
be larger for a full-scale aircraft than those for
most wind-tunnel models with given values of unit
Reynolds number and A/c. This can be seen more
easily by expressing the “X-21 surface waviness cri-
teria” of equation (4) as

0.25
(59 000 cos? A)0 (%) 20-25
Rg.75

h= (5)

Model Suction Ducts and Nozzle Layout

Figure 30 illustrates the layout of the LFC air-
foil upper-surface assembly of internal suction ducts,
nozzles, and connector hoses. Calibrated nozzles
were placed at the end of the ducts where needed for
suction control and mass flow measurements. Also
shown are typical suction connector hoses and cou-
plings that extended from each suction duct noz-
zle through either the tunnel floor or ceiling. As
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mentioned in the section on suction requirements,
individual laminar test-region suction ducts were
separated from their corresponding turbulent zone
ducts by bulkheads which approximately followed
the predicted turbulent wedge boundaries. Pene-
tration holes were drilled through the ends of the
ducts (fig. 31) and through the bulkheads for nozzle
extensions, connector hoses, pressure orifice tubes,
and electrical leads. The penetration holes were
sealed around the connector hoses to prevent leak-
age. An access panel covering the entire under-
side of each panel sealed the ducts. The connec-
tor hoses, which go to the airflow control boxes
located in the plenum surrounding the test sec-
tion, were sized and selected so that cross-sectional-
area changes due to hose deformation were no more
than 2 percent at the maximum design pressure of
1.51 psi. This minimized both duct and hose pressure
oscillations.

- Airflow Control System External to Model

Accurate measurement and control of suction is
essential for LFC testing. Suction to the model was
monitored by four airflow boxes (fig. 32) connected
via hoses to the suction-duct nozzles. The fifth air-
flow control box shown in figure 32 was dedicated to
the control of the suction in the collars around the
ends of the model as discussed below. The boxes con-
tained arrays of motor-driven needle valves that were
operated from a console in the control room. Each
airflow box was connected downstream, through vari-
able sonic-flow nozzles, to a 10000 CFM suction com-
pressor (figs. 4(b) and 32(a)). The sonic nozzles
blocked acoustic disturbances from the compressor
feeding back to the model. Airflow from the sonic
nozzles was acquired by a collector manifold and
piped to the compressor.

Airflow Boxes

Details of the airflow control boxes for the LFC
airfoil are shown in figures 33 and 34. Flexible
hoses run from the ends of the suction nozzles in
each model suction duct, through the penetration
holes in the ends of the ducts, to constant-diameter
pipes located in the upstream face of each airflow
control box. Each airflow control box has 27 such
pipes. Inside the airflow control boxes, individ-
ual electrical motors drive shafts with needle noses
(fig. 34(d)) longitudinally into the open ends of the
pipes (fig. 34(e)). These needle-nose shafts act as
needle valves to control the mass flow from each
model suction duct. The boxes were designed to
maintain low flow velocities (15 ft/sec) and contain
a contraction section and several noise-dampening
devices (acoustic linear, honeycomb, and screen)
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that minimize disturbances generated within the air-
flow control boxes. Individual nozzles and asso-
ciated needles were designed to control flow from
about 16 percent below suction levels required at
the lowest Reynolds number at which the system
was to be tested (R, = 8 x 10%) to about 20 per-
cent above suction levels required at the highest
Reynolds number at which the system was to be
tested (R, = 40 x 10%).

Sonic Nozzles

Figure 35(a) sketches the sonic nozzles located
just downstream of the airflow control boxes. Pho-
tographs of the nozzles are shown in figures 35(b)
and 35(c). Nozzle design was based on the “sonic
plug” principle and included an electric motor-driven
needle assembly very similar to those for the airflow
control boxes. Motors were operated from a console
located in the tunnel control room, and sonic flow at
the sonic nozzle throat was achieved by adjustment
of the needle longitudinal position with varying flow

rates. Needle geometry and stroke were sized to pro-
duce the necessary range of mass flow rates in the

airflow control box.

Tunnel Modifications

Because of the blockage associated with the large-
chord LFC model, a contoured liner was incorporated
in the test section. The liner was designed with-
out slots in order to reduce the predominant acoustic
disturbances associated with the slotted test section
normally used to alleviate transonic blockage effects.
All four test section walls were contoured not only to
alleviate severe transonic blockage problems associ-
ated with the large model and eliminate the noise due
to test section slots but also to correct for the inter-
ference effects of the tunnel sidewall on the crossflow
in the field about the swept model, that is, alleviate
model end effects.

When measurements are obtained on models
whose boundary layers remain laminar over long
lengths, the boundary layer must not be adversely in-
fluenced by facility disturbances (vorticity and acous-
tic) (refs. 14 and 15). Maximum-length Reynolds
numbers at which laminar flow can be maintained
by suction directly relate to background disturbance
levels since disturbances influence model boundary-
layer development and transition. Consequently,
considerable effort was made to improve flow quality
in the tunnel by adding turbulence supression devices
(honeycomb and screens) in the settling chamber and
a sonic throat at the diffuser entrance to minimize
upstream noise propagation.



Test Section Liner

Concept. A complex, four-wall, test section liner
was designed that extended forward well into the con-
traction region and rearward partway into the dif-
fuser. To reduce costs, liner contours were essentially
fixed and undisturbed streamlines were precisely
simulated for only one test condition (My = 0.82,
¢; = 0.47, and R, = 20 x 108). However, small
variations from design conditions were not expected
to produce unacceptable variations from the com-
puted flow field. As previously mentioned, the model
was located upstream as far as possible (toward the
liner contraction region) in order to minimize liner-
wall boundary-layer thickness, thus alleviating vis-
cous blockage problems, and to minimize diffuser
losses. The model was displaced from the tunnel
vertical centerline toward the lower surface by ap-
proximately 15 percent chord to allow development
of the supersonic zone in the flow field above the
model upper surface.

Since the airfoil flow field extends well ahead of
the model, the liner was extended into the contrac-
tion region, and the flow field of the model was
superimposed on the accelerating flow field of the
contraction to determine the liner shape. In the
supercritical region of the model, it was necessary
for the contours of the liner walls to match the undis-
turbed streamlines very closely. The liner contours
in this region included corrections for the variations
of the displacement thickness of the wall boundary
layers as they moved through the pressure gradients
produced by the model.

Procedures used for liner design are outlined in
figure 36 and details are presented in reference 16.
For supercritical flow conditions, appropriate tran-
sonic analysis codes (refs. 40 and 41) were used to
establish the desired flow field and boundary stream-
lines. Blockage due to viscous effects on the liner
was accounted for by using a boundary-layer anal-
ysis code (ref. 42). An axisymmetric stream tube
code (ref. 43) was used to analyze the contraction,
choke (ref. 44), and diffuser fairings. Several other
codes were developed to prepare, transfer, interface,
and manipulate the large data base generated. Ba-
sically, the bounding streamlines in the desired flow
field were determined in order to establish the test
section shape. These bounding streamlines were than
faired back into the existing tunnel walls. Assessment
was then made of all viscous blockage corrections in
the presence of the model pressure field and required
suction distributions.

Many interactions were required in the design
of the liner (ref. 16) to match the contours of the
existing tunnel and to meet constraints imposed by

the liner itself. Figure 37 is a scaled illustration of the
relative size of the LFC airfoil model, its embedded
3-D supersonic flow regions, and the liner shape near
the model.

Figure 38 is a sketch showing side and top views
and representative cross sections of the liner con-
tours. The rapid contraction-section shape changes
from circular to rectangular with corner fillets and
represents about a 27-percent increase in the origi-
nal contraction. The increased tunnel-liner contrac-
tion ratio (from approximately 20:1 to 25:1) and the
need for a wall choke at the downstream end of the
test section required a longer diffuser. The require-
ment for a longer diffuser was another reason for the
LFC model being located well upstream of the nor-
mal slotted test section. The test section liner con-
tour extended downstream of the model (see fig. 3)
and produced a smooth fairing into the existing dif-
fuser. For a swept airfoil at lift, streamlines split at
the leading edge and are displaced in the spanwise
direction at the trailing edge (fig. 39). The cross-
sectional views shown in figure 38 illustrate the steps
(shelves) in the liner floor and ceiling downstream of
the model caused by this displacement.

Liner/collar suction. As previously discussed and
shown in figure 19, turbulent wedges (10° from local
streamline direction according to ref. 45) developed
on the ends of the model. These turbulent wedges,
in combination with the turbulent boundary layer
on the liner walls at the ends of the model, were
expected to disrupt the stability of the boundary
layers in the model laminar test zones. To prevent
this disruption and to keep the turbulent boundary
layer on the liner from separating at the juncture
of the model and liner, suction was applied through
slots in a collar around the ends of the model. (See
fig. 40.) The plenums, metering holes, ducting,
suction nozzles, and evacuation hoses were similar to
those of the model suction system already discussed.
The collar slots, approximately 0.025 in. wide, were
wider than those on the model surface.

Both viscous and suction displacement correc-
tions were determined by a 2-D stripwise analysis on
the liner using a modified finite-difference boundary-
layer code (ref. 41) in the presence of the model pres-
sure field. Suction levels were designed to prevent
the turbulent boundary layer on the liner wall from
separating in the adverse pressure regions near the
model. The calculated suction distributions on the
liner end walls, above and below the LFC airfoil, are
presented and discussed in reference 16.

Liner hardware. Figure 6 shows an upstream view
of the liner installed in the tunnel with the model
and downstream choke plates in place. Cutouts in
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the liner floor and ceiling liner around the ends of
the wingbox (fig. 28) allowed room for installation of
the suction collar ducts after attachment of the six
panels and flaps to the wingbox. The liner contour
was constructed of rigid foam material bonded to
plywood backing. It was divided into approximately
100 blocks with the windward sides contoured by
numerically controlled milling machines (fig. 41) and
instrumented with pressure orifices. The individual
blocks were mounted on a substructure welded to
the tunnel walls (fig. 42). The collar suction ducts
with surface slots were located adjacent to the airfoil
in the collar around the ends of the model at the
tunnel floor and ceiling (fig. 40). The joints between
the contoured foam blocks were filled and sealed for
smoothness.

Flow Quality Modifications

Previous experiments (refs. 1 and 2) at subsonic
speeds have shown that the maximum laminar-flow-
" length Reynolds number with suction critically de-
pends on the characteristic disturbance level and fre-
quencies (broadband) present in wind tunnels used
for low-drag airfoil testing. For example, the data
in figure 43 for both airfoils and bodies of revolution
show that when either distributed suction (refs. 1,
4, and 46) or area suction (ref. 47) was used to re-
move the slower boundary-layer particles near the
surface, the logarithm of transition-length Reynolds
number was inversely proportional to the logarithm
of u'/Ux. In addition, the values of R, obtained
with laminar-flow control were significantly higher
than those reported in the literature without suc-
tion control. In particular, figure 43 illustrates that
tunnels with low turbulence levels are required to
achieve extensive laminar flow on airfoils at the high
chord Reynolds numbers approaching flight condi-
tions. Thus, if acceptable flow quality cannot be re-
alized in the tunnel, achievement of high transition
Reynolds numbers for low-drag airfoils may not be
possible.

Achievement of low levels of disturbance becomes
increasingly difficult in moving from subsonic to tran-
sonic speeds in a wind tunnel. The ability to simu-
late a free-air environment is hampered by the pres-
ence of stream turbulence in the tunnel, acoustical
disturbances emanating from the tunnel-wall bound-
ary layer or drive system, and mechanical vibrations
(ref. 15). For the present experiment, the design-
point chord Reynolds number (R, = 20 x 10%) was
chosen based on empirical predictions that distur-
bance levels could be reduced to u'/Uoo < 0.05
percent. Thus, based on estimated disturbance lev-
els attainable with proper flow treatment in the
8-ft TPT (cross-hatched band in fig. 43), the
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design Reynolds number of 20 x 108 with a distur-
bance level of v/ /Uy = 0.05 percent appeared to be
conservative.

To define modifications required to achieve the
desired tunnel flow quality, considerable effort was
spent measuring the existing flow quality and identi-
fying sources of major flow disturbances in the circuit
of the 8ft TPT. These critical results were docu-
mented (refs. 15 and 18) and served as a basis for
pilot tests (refs. 20 and 21) conducted to provide an
effective combination of honeycomb and screens in
the settling chamber of the 8-ft TPT. A sonic throat
or choke installed downstream of the model was also
employed, as previously noted, in the LFC experi-
ment. Discussions of these modifications are given in
subsequent paragraphs.

Screens. The general disturbance level measured
(refs. 15 and 18) at the turning vanes upstream of
the unmodified test section at a unit Reynolds num-
ber equivalent to the design Reynolds number of the
LFC experiment (Rg ~ 2.8 x 108) was u'/a ~ 8 per-
cent (fig. 44). In the settling chamber, downstream
of the turning vanes, u'/% was approximately 2 per-
cent. Predictions (refs. 48 and 49) showed that to
obtain the desired test section disturbance level of
0.05 percent or less, at least five screens with pres-
sure drops of 2.50 psf each were necessary for the
normal tunnel contraction ratio of 20:1. Research
(ref. 50) has shown that screens of open-area ra-
tios less than 0.57 tend to introduce instabilities and
lateral disturbances. Much larger values, however,
do not provide a sufficient drop in pressure to re-
duce axial disturbances satisfactorily. In evaluat-
ing the most effective combination of screens, several
combinations of screen number and mesh size were
investigated (refs. 20 and 21) in a pilot tunnel at
full-scale Reynolds numbers. These investigations,
in conjunction with the geometry of the settling
chamber (ref. 50), led to the choice of five 30-mesh,
stainless-steel screens with open-area ratios of 0.65.
Figure 45 shows a photograph of the most down-
stream installed screen as viewed upstream from the
test section.

Honeycomb. Screens alone are not very effective
for removing swirl and mean lateral-velocity varia-
tions. Research (refs. 51 and 52) has shown that a
honeycomb with a cell length at least six to eight
times the cell diameter is preferable if the flow in-
cidence does not exceed about 10°. The primary
restriction on cell width is that it be smaller than
the smallest lateral wavelength of the variations in
velocity. Furthermore, the flow resistance coefficient
of a honeycomb is usually about 0.5. This is a small
number when compared with the flow resistance of




screens and does not contribute appreciably to tunnel
power requirements. The selected honeycomb geom-
etry had an open area of 95 percent with cells 3/8 in.
across and 3-1/2 in. deep. The honeycomb was made
of type 304 stainless steel with 0.006-in. wall thick-
ness. The honeycomb was designed for a pressure
drop of 1.25 psf.

Since significant deflection of the honeycomb un-
der its own weight or under air loads would be unde-
sirable, a maximum allowable deflection of 0.3 in. was
specified. The installed honeycomb structure was
a rigid self-supported structure; however, eight up-
stream tension cables distributed over the upstream
face of the honeycomb and attached to the turn-
ing vanes provided additional longitudinal air load
support. In general, the 36-ft-diameter honeycomb
structure was fabricated by spot-welding 2-ft by
12-ft precut sections. The precut sections were
matched and stacked vertically to minimize overlap
of cell wall thickness and to maintain cell unifor-
mity and straightness. Adjoining sections were spot-
welded along each overlapped cell length. The hon-
eycomb was located 2.5 ft upstream of the first screen
and clamped around the edge to the settling chamber
wall. Figure 46 shows photographs of the installed
honeycomb with support cables.

Sonic threat. Sonic throats are well-known as
effective devices for preventing the upstream prop-
agation of diffuser-generated acoustic disturbances.
Earlier flow-quality tests in the 8-ft TPT (refs. 15
and 18) utilized fixed wall chokes that reduced the
test section noise level by nearly an order of mag-
nitude. Corresponding energy spectra were reduced
primarily at low frequencies. The fixed choke also
was used in transition tests on a sharp cone and
provided transition Reynolds numbers comparable to
those in flight (ref. 19). Effects on tunnel power re-
quirements were minimal. An adjustable choke that
worked over a range of Mach numbers was designed
for the LFC experiment and was an integral part of
the test section liner (ref. 16).

A sketch of the liner and choke is shown in fig-
ure 47(a). Figure 47(b) shows a photograph of one
of the choke plates mounted on the test section side-
wall. The choke consisted of adjustable 6-ft-chord
plates mounted on the vertical sidewalls of the test
section downstream of the upper and lower surfaces
of the model. The leading edges of the plates were
located about one-half choke chord downstream of
the most downstream trailing-edge location of the
model. The surfaces of the choke plates were con-
structed of fiberglass and were designed for variable
deflection toward the tunnel centerline through a pis-
ton driven by an electrically actuated bell crank with

a 10:1 mechanical advantage. The local area change,
at extreme deflections, provided choked flow over a
range of free-stream Mach numbers from 0.80 to 0.84.
The upstream and downstream edges of the fiberglass
choke plates matched the liner contour and had seals
and slide joints so that the maximum deflection point
occurred at the piston stroke location, that is, about
2 ft from the choke leading edge. The test section was
vented to the plenum chamber surrounding the test
section through porous strips (fig. 47(b)) on the sur-
face of the choke plates, downstream of the maximum
deflection point (corresponding to the location of low-
est static pressure in the test section). This assures
that loads on the liner are directed outward, toward
the steel walls of the normal test section. The porous
vent strips also help to equalize pressures across the
liner during transient conditions.

Measured disturbance levels before modification
and predicted disturbance levels with the honey-
comb, five screens, and sonic choke are shown in fig-
ure 44. The estimated results were based on the new
tunnel-liner contraction ratio of 25:1 rather than on
the original value of 20:1. The combination of flow
treatment (honeycomb and five screens in the set-
tling chamber) and sonic throat was expected to re-
duce the overall disturbance level u'/% in the test
section region to less than 0.05 percent at My, =
0.80. These results do not take into account any
disturbances generated by the LFC model itself.

Measurements and Instrumentation

Extensive static and dynamic instrumentation
were provided to establish design conditions dur-
ing testing, to evaluate performance of the model
during all test conditions, and to assess the effec-

tiveness of the tunnel liner. Furthermore, dynamic
measurements (ref. 53) were required to monitor

transition movement and effects of both internal
suction-induced and external acoustic disturbances
on laminarization. This section describes briefly the
measurements and instrumentation used for the var-
ious elements of the experiment.

Three types of pressure instrumentation were
used. Tunnel free-stream stagnation and static
pressures were measured on sonar-sensed mercury
manometers that are checked daily to a precision of
+0.2 psf.

Airfoil surface pressures, profile drag rake pres-
sures, pressures on the tunnel choke plates, suction-
duct static pressures and associated nozzle throat
pressures, and all other pressures involved in moni-
toring the suction control system were measured with
a high-speed (10 000 samples per second) electroscan-
ning pressure (ESP) system with module limits of
2.5, b, and 10 psi. The precision of this system
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is stated as [0.0015 x (Module limit)]/°F. In prac-
tice, the system was calibrated against integral stan-
dard gauges before each run and the calibration was
checked for any deviations greater than 0.01 psi in
the coarsest modules. Module references and size
were selected, insofar as possible, to achieve max-
imum precision. The airfoil surface pressure, the
suction-duct static pressures, and the wall-choke sur-
face pressures were referenced to free-stream static
pressure. The suction-nozzle throat pressures were
connected to special 2.5-psi modules with each port
separately referenced to its own duct static pressure.

Finally, the tunnel-wall liner and diffuser pres-
sures were measured with 24 stepping valves of
47 ports each, ganged in groups of 6, for a total of
1128 ports. Again, the gauge transducer (5, 10, or
15 psi) and the reference pressures were chosen so
as to achieve maximum precision, estimated to be
0.01 x (Gauge limit).

Real-Time Data System

From the beginning of the experiment it was
realized that the design flow conditions could not
be established without real-time data feedback to
the tunnel and suction system operators. This was
because of the continuous interaction between the
exterior flow, the surface pressure distribution on
the model, and the suction flow through the surface.
Moreover, adjusting suction in any duct to some
extent changed the suction levels in adjacent ducts
and in other ducts connected to the same airflow
control box.

After several modifications during early tests, the
real-time system evolved to a configuration that pro-
vided instant monitoring and display of any selected
pressure measurements or any computed parame-
ters (such as free-stream Mach number and Reynolds
number) on cathode ray tube screens. In addition,
two real-time graphic displays provided plots, up-
dated once a second, of streamwise airfoil pressure
distribution—with the design pressure distribution
displayed for comparison—at several spanwise sta-
tions. The real-time plots also displayed differences
between surface and duct pressures, suction levels
Cp in the laminar zones (with the design distribu-
tion displayed for comparison), ratios of choke sur-
face pressure to stagnation pressure (as indicators of
local Mach number on the chokes), and stagnation
pressure deficits across the profile drag rake.

Free-Stream Conditions

Since the walls of the tunnel were contoured to
allow for the influence of the model, there could
be no empty tunnel calibration. There was, there-
fore, no region in the flow field where undisturbed
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free-stream static pressure could be measured. The
theoretical pressures along streamlines derived dur-
ing the liner design were examined to find a lo-
cation on the liner that most nearly matched the
free-stream static pressure corresponding to the de-
sign Mach number My, of 0.82. The wall static
pressure tap at this location (the 36-ft, 8-in. tun-
nel station) was chosen to represent free-stream
static pressure. (See fig. 48.) A nearby wall
static pressure tap was used as a reference for
various pressure-measuring devices that were ref-
erenced to free-stream static pressure. The dif-
ferential pressure between the two wall taps was
measured to be about £0.5 psf.

Aerodynamic Measurements

Surface static pressure measurements. There
are 302 static pressure orifices distributed along 12
upper-surface rows and 12 lower-surface rows ori-
ented along theoretical surface streamlines as shown
in figure 49. The orifices, having a 0.010-in. inside di-
ameter, were staggered about the streamlines to pre-
vent wedges of orifice-generated disturbances shed by
forward orifices from reinforcing each other so that
orifice-induced transition would occur at a more rear-
ward orifice. The orifices were generally centered be-
tween suction slots and were most concentrated in
regions where shock waves were most likely to occur.

Profile drag rake. Drag forces on the model
were determined from variations of stagnation and
static pressures measured across the wake with the
profile drag rake shown in figure 50. The profiles,
schematically illustrated in figure 50(b), represent
the momentum losses as indicated by stagnation
pressure deficits across the wake.

The rake was cantilevered off the west test sec-
tion wall (the wall opposite the model lower surface)
in the center of the laminar-zone flap and approx-
imately 8 in. behind the model trailing edge. (See
figs. 50(c) and 50(d).) The profile drag rake had
47 total pressure orifices over a 6.2-in. span that
were connected to the ESP system and referenced
to free-stream stagnation pressure. There also were
six static pressure orifices spread across the rake that
were connected to the ESP system and referenced to
free-stream static pressure. The ends of the stagna-
tion pressure tubes were flattened and spaced closely
together in the region of the wake associated with
skin-friction boundary-layer losses. In addition, some
of the stagnation pressure tubes in this closely spaced
region were staggered off the plane of symmetry of
the rake to permit closer spacing across the wake.
The ends of the staggered tubes were positioned
in a plane parallel to the trailing edge so that all



stagnation pressure tubes were an equal streamwise
distance from the trailing edge of the model.

Dynamic measurements. Fifty flush-mounted thin-
film gauges were distributed over the upper and
lower surfaces (shown in fig. 49) to measure local
surface heat transfer rates as indicators of whether
the boundary layer was laminar, transitional, or tur-
bulent. Signals passed through constant tempera-
ture anemometers and were recorded on a frequency-
modulated recording system for postrun analysis.
In addition, the dynamic output from the thin-film
gauges was displayed on oscilloscopes for real-time
viewing. Mounting of the plug-type acoustic gauges
flush with the airfoil contour was accomplished by re-
cessing the gauge 0.0005 in. in a predrilled hole and
then “wet-wiping” a thin coat of RTV resin over the
hole. The thin-film gauges were mounted in a similar
fashion. All leads and tubing for the instrumentation
inside the panels were brought out through the ends
of the panels and tunnel walls.

Tunnel Liner and Choke

Approximately 700 static pressure orifices were
located along computed streamlines distributed over
the four walls of the liner (see fig. 51) from the 24-ft
tunnel station at the upstream end of the contraction
region to the 53-ft station immediately upstream of
the movable choke plates. Approximately 240 more
static pressure orifices were located on 14 streamwise
rows distributed around the test section between the
53-ft and 59-ft stations in the vicinity of the choke
plates. Starting at the 60-ft station and extending to
the 78-ft station downstream of the choke, approx-
imately 70 static pressure orifices were located on
4 streamwise rows near the vertical and horizontal

centerline planes of the tunnel.
All liner and choke static pressures were con-

nected to differential-pressure scanning valves refer-
enced to free-stream static pressure. In addition, the
orifices on the choke itself (three rows on the wall
opposite the airfoil upper surface and three rows on
the wall opposite the airfoil lower surface) were teed
to the ESP system so that the pressure distribution
over the choke could be displayed in real time. (See
the section entitled “Real-Time Data System.”)

Suction System

The following discussion on instrumentation for
the suction system applies to the collar suction
system as well as to the model suction system.

Ducts, nozzles, and evacuation lines. The duct tem-
perature and static pressure and the suction nozzle-
throat static pressure were required to calculate the
mass flow through the ducts. Since there were re-
gions where temperature would not vary significantly,

it was not necessary to measure temperature in ev-
ery duct. Inspection of the theoretical temperature
distribution at design conditions led to the installa-
tion of chromel-alumel thermocouples in 18 laminar
ducts—8 on the upper surface and 10 on the lower
surface—and in 15 turbulent ducts—6 on the upper
surface and 9 on the lower surface. Temperatures
in the bottom end of the model were assumed to be
equal to those measured in the top end, and all 15 of
the selected turbulent ducts were in the top end of
the model. Temperatures also were measured in the
collar ducts around the top end of the model.

Static pressures in the laminar-zone suction ducts
were average values gathered from three static ori-
fices drilled 6-in. apart in a steel tube affixed to the
floor or side of each duct. In laminar ducts in which
there were two nozzles (one in each end of the duct),
static pressure was measured in front of each noz-
zle. Because of the shorter duct length, only one
static orifice was used in the turbulent zone and col-
lar ducts. In all, there were 135 nozzles in the model
and 24 in the collars. There were, therefore, 159 duct
static pressures measured, and these were measured
using the ESP system.

Differential pressures across the 159 nozzles were
measured by individually referenced transducers (Ap
channels) in the electroscanning pressure system.
The reference pressure for each Ap transducer was
teed from the duct static pressure. The sensor side of
the Ap transducer was connected to the static orifice
in the throat of the corresponding nozzle.

Airflow control boxes and variable sonic noz-
zles. Static pressures in the chamber in front of the
screen/honeycomb of the five airflow control boxes
were measured by individual transducers and were
used as indicators of the suction level. Individual
transducers also were used to measure total pressures
at the downstream end of the contraction region in
the airflow control boxes and at the downstream end
of the variable sonic nozzles. The ratio of the to-
tal pressures for each control box/nozzle pair was
computed and displayed in real time to indicate the
presence and strength of a shock wave in the sonic
nozzle.

Positions of the 27 motor-driven needle valves in
each airflow control box and of the variable sonic
nozzles were monitored and controlled from a remote-
control panel in the tunnel control room. Valve
positions were set with individual, three-position,
spring-loaded rocker switches and were displayed on
edgewise panel meters graduated in percent of valve
travel.
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Concluding Remarks

A large-chord, swept, supercritical, laminar-flow-
control (LFC) airfoil has been designed and con-
structed and is currently undergoing tests in the
Langley 8-Foot Transonic Pressure Tunnel as part of
NASA’s ongoing research program to reduce drag sig-
nificantly and increase aircraft efficiency. This ambi-
tious and very complex experiment is directed toward
evaluating the compatibility of LFC and supereritical
airfoils, validating prediction techniques, and gener-
ating a data base for future transport airfoil designs.
Unique features of the laminar-flow-control airfoil in-
clude a high design Mach number with shock-free
flow and boundary-layer control by suction. Special
requirements for this experiment included modifica-
tions to the wind tunnel to achieve the necessary flow
quality and contouring of the test section walls to
simulate free airflow about an infinite yawed model at
transonic speeds. The first phase of the experiment—

_the evaluation of a slotted suction surface—has been
completed. The second phase—the evaluation of a

perforated suction surface——is currently under way.
The design of the airfoil with a slotted suction sur-

face, the suction system, and modifications to the
tunnel to meet test requirements are discussed.

NASA Langley Research Center
Hampton, Virginia 23665-5225
March 7, 1988
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Table I. Theoretical Coordinates of Slotted LFC Supercritical Airfoil

Normal to Leading Edge

(z/c)N (2/eN)u (z/e)n (2/¢N)u (z/e)n (2/eN)u
0.000000 | 0.000000 134371 .037292 474029 .053239
.000126 | .001024 .141029 .038014 .483529 .053238
.000389 .002089 47817 .038723 .493030 .053215
.000795 | .003181 15473 .039418 .502527 .053170
.001349 .004289 161778 .040100 .512015 .053104
.002052 | .005406 .168950 .040768 .521490 | .053015
.002910 .006526 17624y .041423 .530948 .052903
.003922 .007646 .183656 .042061 540387 | .052769
.005088 .008757 .191183 .042684 .549803 | .052613
.006406 | .009849 .198823 .043292 .559194 .052435
.007888 .010911 .206572 .043884 .568553 .052235
.009549 .011946 .214430 044459 577880 | .052012
.011397 .012964 .222392 .045019 .587168 | .051766
.013434 .013967 .230455 .0U45561 .596415 .051498
.015651 .014950 .238617 .046088 .605618 .051207
.018055 .015916 .2468T1 046599 Lo1LTT2 .050892
.020650 | .016867 .255218 .047093 623874 .050553
.023433 | .017810 .263652 047570 .632921 .050191
.026399 .018749 272172 .048030 641910 .049806
.029546 .019678 280774 .0U48470 .650837 | .049395
.032873 | .020598 .289453 .048892 .659698 .048960
.036384 .021511 .298206 .049295 .668491 .048501
.0L00T1 .022420 .307031 049679 677212 .048018
.043934 .023324 .315924 .050045 .685858 | .047511
.047966 .024221 .324881 .050391 .694427 .046979
.052169 .025110 .333900 .050719 .702914 .ou6u2Y
.056541 .025989 .342975 .051028 711315 045842
.061081 .026859 .352105 .051318 719626 | .045233
.065787 .027723 .361284 .051588 LT27844 .0UlU595
.070656 .028577 . 370509 .051839 .735968 .043930
.075686 .029423 .379778 .052069 .743999 .043238
.080875 .030257 .389086 .052279 . 751931 L,0l42519
.086223 .031082 .398431 .052469 .759761 041771
.091725 .031897 . 407807 .052639 .T6T487 | .040996
.097378 .032701 L7210 .052788 .T75103 .040192
.103182 .033494 426639 .052917 .782607 .039358
.109136 .034277 .436089 .053025 .789998 .038493
.115235 .035050 445557 .053111 .797275 .037591
121473 .035810 . 455040 053175 .804442 .036651
127851 .036557 464532 .053218 .811497 .035676
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Table I. Continued

(z/c)n (z/cN)u (z/c)n (z/cN)e (z/c)n (z/cn)e
.818442 .034665 0.000000 0.000000 .127835 -.025535
.825269 .033620 .000019 -.000956 .135118 -.028162
.831976 .032537 .000201 ~-.001824 . 140594 ~-.030138
.838567 .031409 .000574 -.002590 Lu4s5) -.031566
.845049 .030237 .001170 -.003259 147525 -.032639
.851485 .029011 .002015 -.003848 .150000 -.033538
.856436 .028031 .003121 -.004375 .151980 -.034290
.861386 .027025 .00Uu84 -.004868 .153465 ~,034930
.866337 .026004 .006098 -.005328 . 154950 -.035668
.871287 .024974 .007967 -.005755 156436 -.03647Y4
.876238 .023941 .010103 -.006161 .158416 -.037584
.881188 .022906 .012503 -.006569 . 160891 ~-.,038982
.886139 .021871 .015157 -.006988 164067 -.040777
.891089 .020837 .018058 -.007417 167228 -.042563
.896040 .019802 .021208 ~-.007857 .170464 -.044392
.900990 .018767 .024596 -.008306 .17642)4 - .047725
.905941 .017733 .028212 -.008760 .182162 -.050623
.910891 .016698 .032059 -.009223 .187889 -.053088
.915842 .015663 .035891 -.009673 .193737 ~.055206
.920792 .014630 .036881 -.009789 .199755 ~.057071
925743 .013597 .038861 -.010021 .205949 -.058755
.930693 .012565 .042822 ~-.010484 .212309 -.060304
.935644 .011535 .046782 -.0109048 .218818 -.061743
.940594 .010505 .050743 -.01141 225460 ~.063084
.9L5545 .009476 .054703 -.011874 .232232 -.064334
. 950495 .008449 .058663 -.012338 .239130 -.065502
.955446 .007422 062624 -.012801 .246151 -.,066598
.960396 .006397 066584 -.013264 .253282 -.067625
.965347 .005374 .070545 -.013728 .260515 =-.068583 .
.970297 .004353 074505 -.014191 .267853 -.069479
.975248 .003335 .078465 -.014654 .275295 -.070318
.980198 .002318 .082426 -.015118 .282831 -.071101
.985149 .001303 .086386 -.015581 . 290451 -.071830
.990099 .000290 .090347 -.016045 .298158 -.072503
.995050 -.000721 .094307 -.016508 . 305950 -.073124
1.000000 | -.001730 .098267 -.016971 .313817 -.073693
.100990 -.017290 .321752 -.074210
.103465 -.017588 .329758 -. 074677
.105446 -.017869 .337834 -.075096
.106931 -.018170 345971 -.075465
.108416 -.018584 .354164 -.075786
.110396 -.019250 .362413 -.076060
.113366 -.020315 .370714 -.076286
117327 -.021743 .379061 -.076464
.121782 -.023350 .387448 -.076593




Table 1. Concluded

(z/c)n (2/en)e (z/c)Nn (2/cn)e (z/c)n (z/en)e
.395874 -.076674 .783663 -.014176 .899010 .002938
.4dols3ko -.076707 .793564 -.011196 . 902970 .003011
L412837 -.076692 .801980 -.008663 .907921 .003101
421361 | -.076628 .807921 -.006876 .914851 .003216
.429910 -.076518 .811961 -.005661 .921782 .003291
.438u482 | -.076359 .815130 -.004709 .926733 .003289
L4707 -.076151 .817110 -.004114 .930693 .003235
455672 | -.075894 .818694 -.003641 .934653 | .003128
.46U283 -.075589 .819882 -.003298 . 939604 .002929
472903 | -.07523Y4 .821070 ~.002997 .946535 | .002571
.1481526 -.0Tu4830 .822258 -.002750 .953465 .002174
490147 -.074375 . 823447 -.002540 .958416 .001882
498762 | -.073868 .825031 -.002280 .962376 | .001647
.507372 -.073310 .826724 -.002006 .965347 .001462
.515971 -.072699 .828699 -.001686 .968317 .001263
.524552 -.072036 .830392 -.001412 .970297 .001118
.533115 -.071319 .832085 -.001137 .972277 .000958
.541656 -.070548 .833778 -.000860 .975248 .000699
.550174 -.069721 .8354T71 -.000582 .980198 .000240
.558658 -.068839 .8374u7 -.000257 .985149 .000229
567107 | -.067899 .839140 .000021 .988119 | -.000521
575514 -.066899 . 840724 .000277 .990099 .000732
.583873 ~.065836 841912 .000456 .992079 .000965
.592180 -.064704 .843100 .000602 .995050 .001342
.600430 -.063497 .844288 .000701 1.000000 .001986
.608620 -.062206 . 845476 .000766
616747 -.060820 .847060 .000839
.624811 -.059324 .848753 .000911
.632822 | -.057702 .850729 .000993
640795 | ~-.055943 .852422 .001063
.648750 -.054040 .854115 .001135
.656709 -.051988 .855808 .001207
664701 | -.049797 .857501 .001280
.672750 -.0uU7u89 .859476 .001367
.680868 -.045093 .861386 .001452
.689604 -.042483 .863366 .001542
.698515 -.039806 .866337 .001675
.TO4455 ~.038018 .871287 .001898
.T14356 | -.035038 .876238 .002121
.T24257 | -.032057 .881188 .002344
.T34158 -.029077 .886139 .002565
.THY059 -.026097 .889109 .002691
. 753960 -.023117 .891089 .002763
.763861 -.020137 .893069 .002818
LT73762 -.017156 .896040 .002881
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Table II. Location and Width of Suction Slots on LFC Supercritical

Airfoil Normal to Leading Edge

(a) Upper surface

Slot
Duct Slot (z/c)N width,
in.
1 1 0.02475 0.0021
1 2 .04089 .0029
2 3 .05644 .0030
2 y .07257 .0033
3 5 .08891 .0033
3 6 .10538 .0033
Yy 7 .12184 .0034
y 8 . 13831 .0036
5 9 .15478 .0035
5 10 17125 .0038
6 11 8771 .0036
6 12 .20418 .0038
T 13 .22064 .0038
7 14 .23711 .0039
7 15 .25358 .0038
Joint
8 16 .27005 .00u0
8 17 .28651 .0039
8 18 .30298 .0040
8 19 .31945 .0039
9 20 .33591 .00u1
9 21 .35239 .0039
9 22 .36885 .0042
9 23 .38532 .0040
10 24 40178 .00
10 25 41825 .00 U1
10 26 LA34T1 .0040
10 27 .45119 .0042
1" 28 L46765 .0040
11 29 LA48u12 .0043
1 30 .50058 .00u0
11 31 .51705 .0042
12 32 .53351 .0041
12 33 .54999 .00
12 34 .566U46 .00u2
12 35 .58292 .00L0
Joint
13 36 .59939 .0046

Slot
Duct Slot (z/c)n width,
in.
13 37 .61859 .0ouy
14 38 .63780 .00U6
14 39 .65701 .00u5
14 4o 67622 .0049
15 41 .69543 .0051
15 y2 71463 .0057
15 43 .73384 .0062
16 uy .T4792 .0060
16 45 75817 .0056
16 46 .76585 .0053
16 y7 .T7T7200 .0050
17 u8 LT77738 .0047
17 L9 .78224 .0045
17 50 .78673 .0042
17 51 . 79057 L0043
17 52 79442 .0043
17 53 .79826 .004Y
17 54 .80210 .0o43
17 55 .80594 .0043
18 56 .80978 .0042
18 57 .81362 .0ou2
18 58 LB1TUT L0042
18 59 82131 | .0041
18 60 .82515 L0041
18 61 .82899 L0041
18 62 .83283 .0040
19 63 .83667 .00U0
19 64 .84051 .0040
19 65 .841436 .00
19 66 .84820 .0043
19 67 .85204 L0041y
20 68 .85588 .0045
20 69 .85972 .00u7
20 70 .86356 .00u8
20 T .86741 .0049
21 72 .87125 .0050
21 73 .87509 .0052
21 74 .87893 .0051
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Table II. Continued

(a) Concluded

Slot
Duct Slot (z/c)n width,
in.
21 75 0.88277 .0049
21 76 .88661 .0054
Joint
22 T7 .89685 .0050
22 78 .90069 .0042
22 79 .90453 .0040
22 80 .90838 .0039
22 81 .91222 .0038
22 82 .91606 .0037
23 83 .91990 .0037
23 84 .92374 .0036
23 85 .92758 .0036
23 86 .93143 .0035
23 87 .93527 .0035
23 88 .93911 .0035
23 89 . 94295 .0035
24 90 . 94679 .0035
24 91 .95063 .0035
24 92 .95448 .0035
24 93 .95832 .0035
24 94 .96216 .0034
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Table II. Continued

(b) Lower surface

Slot
Duct Slot (z/e)N width,
in.
1 1 0.05050 0.0028
1 2 .06407 .0028
2 3 07175 .0039
2 y .07880 .00Ub
2 5 .08520 .0051
3 6 .09096 .0047
3 7 .09480 .0045
3 8 .09801 .0039
3 9 .10056 L0031
3 10 .10253 .0027
y 11 10402 .0024
h 12 .10531 .0023
y 13 .10658 .0027
5 14 .13569 .0020
5 15 .14338 .0023
5 16 L1481 .0031
5 17 .15003 .0035
5 18 . 15157 .0031
5 19 .15286 .0063
6 20 15410 .0025
6 21 . 15576 .0020
6 22 L5THY .0020
6 23 .15910 .0020
6 24 .16076 .0020
6 25 .16243 .0020
7 26 .20614 .0038
7 27 .22149 .0033
Joint
8 28 .25683 .0035
8 29 .28050 .0031
8 30 .30098 .0032
8 31 .32019 .0037
8 32 .33862 .0032

30

Slot
Duct Slot (z/c)n width,
in.
9 33 .35783 .0039
9 34 .37448 .0034
9 35 .38984 .0039
9 36 .40419 .0034
9 37 .41852 .0042
10 38 43287 .0037
10 39 44619 .0039
10 40 . 45950 .00LYy
10 41 LU47282 .0036
10 42 . 48511 .oouy
11 43 L4974 .0043
11 Ly .50893 .0038
11 45 .52046 .00h7
11 46 .53134 .0045
1" b7 54158 .0038
11 48 .54894 .0049
Joint
12 49 56446 .0043
12 50 .56937 .0042
12 51 57718 .0046
12 52 .58499 .0046
12 53 .58970 .004Y
13 54 .60061 .0046
13 55 .60843 .0053
13 56 .61624 .0051
13 57 .62136 .0050
13 58 62571 .0052
13 59 .63006 .0048
13 60 63442 .00u8
13 61 .63800 .0048
14 62 .64158 .0047
14 63 .64517 .0045
14 6U .64838 .0043




Table II. Concluded

(b) Concluded

Slot
Duct Slot (z/e)n width,
in.
14 65 0.65157 0.0042
14 66 L65UT7 .0040
14 67 .65798 .0039
15 68 .66118 .0038
15 69 .65438 .0037
15 70 .66758 .0037
15 71 .67078 .0036
15 72 .67398 .0036
15 73 67719 .0036
16 T4 .68039 .0036
16 75 .68358 .0035
16 76 .68679 .0034
16 77 .68999 .0034
16 78 .69319 .0033
16 79 .69640 .0033
16 80 .69959 .0032
16 81 .70279 .0032
17 82 .70600 .0032
17 83 .70920 .0032
17 84 .71240 .0032
17 85 . 71560 .0032
17 86 .71880 .0031
17 87 . 72200 .0031
17 88 .72521 .0031
17 89 . 72811 .0030
17 90 .73160 .0030
17 91 . 73480 .0030
17 92 .73801 .0030
18 93 LTH21 .0031
18 94 L4441 .0033
18 95 . 74800 .0033
18 96 .75158 .0032

Slot
Duct Slot (z/c)N width,
in.
18 97 75517 .0032
18 98 .75875 .0032
18 99 .76234 .0032
18 100 .76592 .0032
18 101 .76951 .0033
19 102 LT7751 .0034
19 103 .78027 .0034
19 104 .78385 .0033
19 105 .78727 .0032
19 106 .79050 .0031
19 107 .79357 .0030
20 108 .79651 .0030
20 109 .79933 .0029
20 110 .80202 .0028
20 111 .80458 .0026
20 112 .80689 .0026
20 113 .80919 .0025
20 114 .81124 .0024
21 115 .81316 .0022
21 116 .81475 .0021
21 117 .81613 .0020
21 118 81741 .0020
21 119 .81869 .0020
21 120 .81997 .0020
21 121 .83258 .0026
21 122 .83488 .0026
21 123 .83719 .0026
21 124 .83911 .0025
21 125 .84072 .0025
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! TN
x 108 . .
100 — Future LFC aircraft
50+
— LaRC test
—

5 —

0 10 20 30 40 50

Sweep angle, A, deg

Figure 2. Variation of chord Reynolds number with sweep angle for constant crossflow Reynolds number.
Ry, o sin 2ARY/?,

Start
of End
liner Adjustable of liner
Tunnel LFC sidewall Access
liner model chokes door

24 30 36 42 48 54 60 66 72 78
8-ft TPT stations, ft

Figure 3. Test section liner.
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L-82-3,068

(a) Upstream view.
Figure 5. Photographs of test section liner and model.
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(b) Downstream view.

Figure 5. Concluded.

L-82-3,619
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(a) Suction slots in surface.

Figure 7. Model suction system.
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1.2

u Cp, sonic

0 2 4

6 8 1.0
(x/c)N

Figure 10. “Final” theoretical pressure distribution normal to leading edge combining Korn-Garabedian and

Eppler calculations.
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(b) Forward lower surface.

Figure 11. Continued.
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(c) Aft lower surface.

Figure 11. Concluded.
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Tunnel-wall supersonic-
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! gh lift-off
\ \/ design

Shocks

Design point

Figure 12. Variation of theoretical shock-free limits with Mach number. My = My, cos A.
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(a) Upper surface.
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Figure 13. Calculated maximum-disturbance amplitude ratios (n = In a/a,) for design conditions.
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Figure 14. Theoretical suction distributions for LFC airfoil with continuous area suction. Cg = pyww /PooUco-
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10 [~ Blasius profile;

no suction (ref. 32)

6 —

Asymptotic suction

6 profile for area
suction; zero pressure
4 gradient (ref. 34)
2
A [ 1 | I J
1 2 4 6 810 20 40

G

Figure 15. Linearized maximum growth factor B of Taylor-Gortler vortices versus Gortler parameter G for
incompressible flow with and without suction. B = (80Rg)max; G = Rg(8/7)/2.
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Figure 16. Representative values of theoretical maximum-disturbance amplitude ratio for Taylor-Gortler

vortices with small incremental turn of flow.
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(a) Upper surface.

Figure 18. Theoretical suction requirements for slotted LFC airfoil for R, = 10 x 10% and 20 x 10°.
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(b) Lower surface.

Figure 18. Concluded.
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UPPER SURFACE

TUNNEL-FLOOR LAMINAR TEST-ZONE TUNNEL-CEILING
END PLATE C. LEVEL END PLATE
\TURB. ZONE Q TURB. ZONE
N 1

1.5Cq - / Xc \ 1.5Cq
—\ * 10 7Y
L4Cq . ; 4Cq

lZCQ————\ A f 1.2Cq
—\ ll—/.
IOCQ -+ + .6 + ].OCQ
: + .4 ¥
- —+ .2 "
1 1 1 L g1 1 L
¢

—=—— MODEL SPAN —>

TUNNEL-FLOOR LOWER SURFACE TUNNEL=CEILING
END PLATE— TURB. LAMINAR TEST-ZONE TURB. END PLATE
ZONE Cq LEVEL ZONE
A

o

P
167 Cq r He 167 Cq
70 Cp™\ ' /=
11.(;6 c%_\ f + — /1'?0 “Q

203 Co—\ - // 8¢
: Q— - — - 203 C
2.1490 + . 6 :I 2.14(:00
22'3?0%_\\\ - — x ﬁz.mco
-2 Lqg —+ ' - 2.38CQ
+ —.4 +
1.66 C ° , ’
o—\\; ' j///—1.66 Cq
1.00Cq__3— .2 N
In I ! I 'LO - 1 = 1

¢
- ~=——MODEL SPAN ——»

Figure 20. Spanwise variation of design suction distribution of slotted LFC airfoil.
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Figure 26. Photograph of orifice drilling process on lower-surface forward panel.
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(a) Three upper-surface panels and box beam without flap.

(b) Lower-surface forward and center panels only and box beam.

Figure 27. Photographs of model suction-panel assemblies during fabrication process.

L-88-49

73



9TL IT-18-1

"MITA UIBIIISUMO(] "UOL}I9S }893 Ul pa[[eIsul xoqSuim Jo ydeiSojoyd ‘gz 9Insig

i
3
¥
J

g% 4

L

R QUAL

ECC

(0}

74



02 o 1/2
59 000 cos“A

X-21 criteria (refs. 38 & 39): h/A = A 3/2
< Re

.01

h/A
.001

Goal for
LFC model \ ®
LFC model upper-
surface measurements . \
.0001 | RN )
.001 .01 .10 1.0

Alc

Figure 29. Comparison of variation of permissible amplitude ratio h/A for multiple waves on subsonic and
supercritical airfoils with full-chord LFC.
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AIRFLOW =
FROM __
AIRFOIL ==

INLET NOZZLE

MOTOR DRIVE
/ _~COLLECTOR MANIFOLD

SONIC NOZZLE
AIRFLOW BOX

20-in. PIPE

10
SUCTION
COMPRESSOR

(a) Sketch of airflow control boxes, variable sonic nozzles, and collector manifold and piping.

Figure 32. Airflow control system.

L-88-50
b) Photograph of installed airflow boxes, variable sonic nozzles, and collector manifold and piping.
pipmg
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(¢) Suction hoses to pipes connected to face of airflow control boxes.

Figure 34. Continued.
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in pipe.

Figure 34. Concluded.

e) Needle valve
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MANIFOLD
INTERFACE

¢ : INTERFACE
SUPPOR
AXISYM. NOZZLE SUPPORT
I SPIDER  DRIVE NUT 1
NEEDLE

AIR CONTROL BOX

| VIBRATION DAMPER AIRFLOW
NEEDLE ELECTRIC e

DRIVE MOTOR

(a) Sketch showing variable sonic nozzle concept.

L-88-51

(b) Photograph of single sonic nozzle before installation.

Figure 35. Variable sonic nozzle.
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(b) Segment of suction collar above aft upper surface in ceiling.

Figure 40. Continued.
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(c) Substructure for sonic choke.

Figure 42. Continued.
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t/c

Tunnel Config. A,deg ¢, ft percent Ref.
V' ARC 12-ft PWT  Body of rev. 0 12 125 2
U LaRCTDT Wing 0 75 15
<> Norair 7 X 10 Body of rev. 0 12 12.5
O  Zurich7 X 10 Wing 0 397 17
N> ARC 12-ft PWT Wing 30,33 7,10 12,15
/\ Norair7 X 10 Body of rev. 0 12 12.5
Z LaRCLTPT Wing 0 10 7 46
(1A LaRC LTPT Wing 0,0 7,18 47
QO Norair7 X 10 Wing 30,0 7 12,5 2
108 — F-04 flight; A = 0°, ¢ = 7.5t
- %/- X-21 flight; A = 30°
[~ N
i R |
Transition
| — ( —
Re | é
107 = Laminar )
— | Oﬂ
n | NASA LaRC:
- I design point E§
i 8-ft TPT honey- O
icomb screens; \O
100 L1 ls?ln:?ChOK? Lot
.01 10 1.0

u’u,,, percent

Figure 43. Influence of turbulence level on maximum chord Reynolds number with laminar-flow suction control
for low-drag wings and bodies of revolution in wind tunnels and flight. The Mach number of the tunnel
data varied from 0 to 0.3, and the Mach number of the flight data varied from 0.4 to 0.8.
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—{)— Measured (ref. 15)

————— Predicted Turning
10 vanes
- Settling
- - _&/ ch}amber
1.0
- Test
o : section
u’/a , - e ‘O-
- O ~ —— — — Settling
percent - - chamber;
- - honeycomb
+ five screens
10 :- Test section
: ‘_-0-_/—— Choke
: Honeycomb+
@“_W five screens+
- choke
01 1 %’ 1 1 i 1 J 6
0 1 2 3 4 5 6 X 10

R per foot

Figure 44. Measured and predicted disturbance levels in the 8-ft TPT with and without choke, honeycomb,
and screens at My, = 0.80.
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Photograph of choke plate.

)

b

(

Figure 47. Concluded.
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8-ft TPT stations, ft

b

Figure 48. Theoretical distribution of pressure coefficients along middle of liner wall opposite airfoil upper
surface at design conditions.
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Model trailing edge

ake rke

L-86-6134
(c) Photograph of profile drag rake behind trailing edge of model.

Figure 50. Continued.
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East wall — above airfoil

¢« S v 4B 0o e 8 =

(a) Overall locations.

Figure 51. Pressure orifice locations over four walls of liner.
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